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8(a).1. INTRODUCTION 


The structure of matter that shapes the world around us has been a subject of study since long. The 
first contribution in this regard came from Dalton, who postulated that matter is made of atoms, which are 
indivisible. The word atom comes from the Greek word atomos meaning ‘not cut’. J.J. Thomson proposed 
4 structure for the atom, which was modified by Rutherford and later by Niels Bohr. In this unit, we shall 


discuss these models of atoms in some detail. We shall also study some fundamental information about the 
alomic nuclei. 


The phenomeno ‘Radioactivity’ has probably played the most significant role in the development 

St both, the Atomic and Nuclear Physics, We shall study important aspects of ths - Further, 
cer reactions provide useful information regarding interaction of nuclei. This led us to the phenomena 
nuclear fission and nuclear fusion whereby the vast reservoirs of nuclear energy were discovered. 
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a anepenenneeesenil nesoenaser renames inane 
ml , Just as dots of light of only three colours combine to form almost every 
th D ©O conceivable colour on T.YV. screen, only about 100 distinct kinds of atoms 

& combine to form all the materials in this universe. 
| ' YY '@) UU We are all made of the same kinds of atoms. These atoms cycle from person 
| & to person as we breathe and as our perspiration is vaporized. Atoms are 
K. Ni OVV “» thus recyclable, Our brain may be made of atoms that were once part of 

. "| Albert Einstein or of Charlie Chaplin, and so on. 


8(a).2. THOMSON’S MODEL OF ATOM. 

According to Thomson's model, every atom consists of a positively | FIGURE 8(a)-1 
charged sphere of radius of the order of 10-19 m in which entire mass and | 
positive charge of the atom are uniformly distributed. Inside this sphere, the 
electrons are embedded like seeds in a watermelon or like plums in a pudding. 
The number of electrons is such that their negative charge is equal to the 
positive charge of the atom, Fig. 8(a).1. Thus the atom is electrically neutral. 

Limitations of Thomson atom model were the following : 

1. It could not explain the origin of spectral series of hydrogen and 
other atoms, observed experimentally. 

2. It could not explain large angle scattering of particles from 
thin metal foils, as observed by Rutherford. 


D (@) Hydrogen, the smallest atom has a diameter of about 1 A. A small dot (+) 
O U as shown has a diameter of about 1 mm = 10-7 A. Therefore, number of 
N hydrogen atoms that would form a line across this dot = 1/10~’ = 10’ = 10 


K KJ OVV => million or one crore. Imagine how small is an atom ! 


8(a).3. RUTHERFORD’S a-RAY SCATTERING EXPERIMENT : 
DISCOVERY OF ATOMIC NUCLEUS 


se cola 
it is an important experiment, which led Rutherford to the discovery of atomic nucleus. 

An alpha particle is helium nucleus containing 2 protons and 2 neutrons. Therefore, an alpha particle 
has 4 units of mass and two units of positive charge. Many radioactive elements emit alpha particles. The 
experimental set up used by Rutherford and his collaborators, Geiger and Marsden is shown in Figs. 
8(a).2 and 8(a).3. 
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S is a speck of a radioactive source* contained in a lead cavity. The alpha particles emitted by the 
source are collimated into a narrow beam with the help of a lead slit (collimator). The collimated beam 1S 
gllowed to fall on a thin gold foil of thickness of the order of 2:1 x 10-7 m. The a-particles scattered in 
different directions are observed through a rotatable detector consisting of a circular zinc sulphide screen 
and a microscope. The alpha particles produce bright flashes or scintillations on the ZnS screen. These are 
observed in the microscope and counted at different angles from the direction of incidence of the beam. The 
angle 9 of deviation of an alpha particle from its original direction is called its scattering angle 9. 


iMPORTANT NOTE fara ee es any Satie z 


This experiment was conducted inside an evacuated chamber to avoid scattering of o~particles due 
to atoms of the air. 


FIGURE 8(a).4 


10° Se 


a 


Observations. A graph is plotted between the | 
scattering angle 8 and the number of o-particles N | 
(g), scattered at 20 for a very large number of o- a 


particles. This is shown in Fig. 8(a).4. jot 
The dots in this figure represent the data points of | £ g! 
the actual experiment. The solid curve is the theoretical a 31 
prediction based on the assumption that atom has a | Es 
small, dense, positively charged nucleus. We find that | E g' 


(i) most of the alpha particles pass straight 
through the gold foil. It means they do not suffer any 
collision with gold atoms. 

(ii) only about 0-14% of incident o-particles [ 
scatter by more than 1°. per 

(iii) About one © particle in every 8000 o particles deflects by more than 90°. 

Explanation. The scattering of particles is due to Coulombian interaction of o-particles with positive 
charges and electrons in every atom of the gold foil. As most of the alpha particles pass straight through the 
foil without any deflection, it means they did not suffer any collision. From this, Rutherford concluded that 
most of the space in an atom is empty. 

An ©. particle is over 7000 times more massive than an electron, and in this experiment, & particle is 
travelling at a high speed, therefore, very strong forces alone could have deflected them through large angles. 

This led Rutherford to postulate that the entire positive charge of the atom must be concentrated in 
a tiny central core of the atom. This tiny central core of each atom was called atomic nucleus. 

As the gold foil is very thin, it can be assumed that a particles will suffer not more than one scattering 

“during their passage through it. An o particle carries two units of positive charge and has mass of a helium 
atom. Charge on gold nucleus = Ze, where atomic number of gold, Z= 79. As gold nucleus is about 50 times 
heavier than an o-particle, we assume that it would remain stationary in the scattering process. Therefore, 
the trajectory of o particle 
repulsion between o particle and gold nucleus, 7.2., 
wig eZ) (2e) 
4NE, ra 

where r is distance of o particle from the centre of the 
nucleus. The magnitude and direction of the force on 
an 0, particle changes continuously as it approaches 
the nucleus first and then recedes away from it. 

As shown in Fig. 8(a).5, an alpha particle (1), 
tending to collide head on with the nucleus, slows 
down due to repulsive force of the nucleus, finally 

_ Stops and is then repelled back. This a particle, 
therefore, retraces its path, scattering through 180°. 


: : : -214 
*The source used in this experiment was g3Bi 


ee 


can be computed using Newton’s second law of motion and coulomb force of 


FIGURE 8(a).5 
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Alpha particles 2, 2’ tending to hit the nucleus at its periphery, experience strong repulsive forces and 


get scattered through large angles (8 > 90°) 
The alpha particles 3, 3’ which pass at a distance from the nucleus, experience small repulsive forces 


and get scattered through small angles. The © particles which pass at still larger distances from the nucleus 


go almost undeviated. 
We can show that number of « particles scattered per unit area, N (@) at scattering angle 8 varies 


1 
NiO) eae nes 
bs sin’ (6/2) 


Note that electrons being very light, do not affect the motion of alpha particles. 
8(a).4. DISTANCE OF CLOSEST APPROACH (SIZE OF NUCLEUS) 


The minimum distance from the nucleus upto which an energetic ©. particle travelling directly towards 
the nucleus can move before coming to rest and then retracing its path is known as distance of closest 
approach. This distance is represented by ro. It gives us the order of the size of the nucleus. 

To calculate this distance, Rutherford made the following assumptions. 

(i) The atomic nucleus is so heavy that its motion during the impact is disregarded. 

(ii) The nucleus and the alpha particle both are taken as point charges having no dimensions. 

(iii) The scattering is due to elastic collision between nucleus and a-particle. 

Suppose an @-particle with initial kinetic energy E is directed towards the centre of the nucleus of an 
atom. On account of Coulomb’s repulsive force between nucleus and alpha particle, kinetic energy of alpha 
particle goes on decreasing and in turn, electric potential energy of the particle goes on increasing. At a 
certain distance rg from the nucleus, K.E of o particle reduces to zero. The particle stops and it cannot go 
closer to the nucleus. It is repelled by the nucleus and therefore, it retraces its path, turning through 180°. 
Therefore, the distance rp is known as the distance of closest approach. At this distance, the entire K.E. of 
© particle is converted into electric potential energy. 

Now, charge on © particle, gq, =+2e ; Charge on nucleus, g,=+ Ze, 

where Z is the atomic number of material of the foil and + e is charge on a proton. 


inversely as sin* (6/2) 


: g Ze 
Electric potential at distance rg due to the nucleus = ———— .(1) 
4nme 00 
where =9x 109Nm?C%, 
TE, 
.. Potential energy of alpha particle at this distance (rg) from the nucleus = potential x charge 
2 
Lee oD) eer ee was(2) 
4Ney % 4ne 0% 
‘S. 1 
Kinetic energy of alpha particle of mass m moving with velocity v is E= zm (3) 


If we neglect the loss of energy due to interaction of © particle with the electrons, then at the distance 


of closest approach, as K.E > PE 
sel - mv2 = Ze (2 e) 
y4 4ne, 


'y 
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viously, the radius of the wine 

icle cannot touch the periph be Bae must be smaller than the calculated value of rg, as an alpha 
‘Sample Problem In the ; nucleus on account of strong repulsion. 


origi “xperi cf : 
of closest approach to the gold nuct Binal experiment, Geiger and Marsden calculated the distance 


eus (Z = ae j ‘ 
to rest and reverses its dire 79) = of 07-7 MeV «@ particle before it comes momentarily 


ction, to Ste . 
my ‘on. What is its value ? NCERT Solved Example 
Sol. Jn the original experiment, K.B. “AS SAKE 


of @ particle, 


ao gi 
E= er a (8 MeV 


= 77 16x 107! joule, ie, E= 1:2 * 107!2 joule 
Z=79 for gold and e = 1-6 x 10-19 coulomb, 
aia =z FARE) 1 = X10? 792-610-192 
"$0 ~mv2 hong & 121072 
¥ — 9X79 21-616 x 10-29 


Note that this value is considera 
Thus © particle reverses its motion w 


8(a).5. IMPACT PARAMETER 
a aa a a arena IRE 


‘bly larger than the sum of radii of gold nucleus and @ particle. 
ithout ever actually touching the gold nucleus. 


Impact parameter is defined as the perpendicular distance of the initial velocity vector of the | 
alpha particle from the central line of the nucleus, when the particle is far away from the 
nucleus of the atom. Infact, impact parameter determines the trajectory traced by an alpha | 
| particle in passing through the gold foil. 


1.219712 > 19 = 3-0 x 10-14 m = 30 fermi 
| 
| 
| 
| 


The angle between the direction of approach of Sanna oe 
the alpha particle and the direction of scattered alpha us 3 FIGURE 8(a).6 - 
particle is called scattering angle. It is denoted by 0. vactetio ; 

Fig. 8(a).6 shows the path or trajectory of an a. Particle 
alpha particle in the coulomb field of a heavy nucleus. 

The impact parameter b and scattering angle 6 are 
also shown in the diagram. 

For large impact parameters, force experienced 
by the alpha particle is weak, because F varies as 1/ 
(distance)*. Therefore, when impact parameter is large, 
an alpha particle will deviate through a much smaller 
angle. However, when impact parameter is small, force 
€xperienced is large and hence the alpha particle will 
Scatter through a large angle. For the case of head on 
Collision, impact parameter b tends to zero. The alpha 
Particle will rebound like a ball thrown against a wall, 


ae 


fi 
—> 


Scattering through 180°. ce 
_ Fig. 8(a).7 shows theoretically calculated yal G = 
of alpha particles moving with a speed of 1-63 x 10 3 5 

S in the coulomb field of a gold nucleus. The gold | 2 2 
Nucleus is supposed to be at the origin O of ‘8 20 
“ordinate system. The values of impact parame 10 


Chosen for alpha particles 1, 2, 3, 4 respectively are 
25 fm, 10 elon im and 100 fm. For b = 0, a particle 
ces its path turning through 180°, as shown in 
8(a).7, 
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Rutherford calculated analytically, the relation between the impact 
parameter b and scattering angle 8, which is given by 


2 
pthaaten tomo (5) 
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The relation between the impact 
far away from the atom. parameter b and the scattering 
angle 8 depends on the nature of 


Discussion. 
: ¥ ‘ the force law between the tar, 
For large val f large. Bet 
(i) ge values of impact parameter b, cot 6/2 is large scatterer ax the apt particles 


Therefore, scattering angle 6 is small, It means, when impact parameter 
is large, scattering angle is small, i.e., @ particles passing far away 
from the nucleus undergo small deflections. 
(ii) When impact parameter b is small, cot 6/2 is small. Therefore, scattering angle @ is large. It means 
alpha particles passing close to the nucleus suffer large deflections. 


where E = mv is kinetic energy of alpha particle, when it is 


vi ) , 
(iii) When b = 0, cot 6/2 = 0, . = 90°, 0 = 180°. Therefore, an alpha particle travelling directly 


towards the centre of nucleus will retrace its path. 

(iv) If KE (E) of alpha particle is large, impact parameter b shall be small for the same deflection. 
A given beam of alpha particles has some distribution of impact parameters (b). Therefore, the beam 
is scattered in various directions with different probabilities. 


“Tap -\ltm@ Alpha particle trajectories suggest that the size of target nucleus is smaller compared 

iN with the distance of closest approach from a nucleus (rg) or even the impact parameter 
‘lisate);a@ (2). Therefore, Rutherford scattering experiment is a powerful way to determine upper 
limit to the size of atomic nucleus. 


Sample Problem A 4 MeV alpha particle is scattered through 20°, when it approaches a 


gold nucleus. Calculate the impact parameter if Z for gold is 79. 
Sol. Here, E = 4 MeV =4 x 1-6 x 1073 J, 0 = 20°, Z=79, b=? 


2 cot 6/2 _ 9x10? x79(1-6x107!9 )? cot 10° 


From 
ia; (E) 4x16 10-13 
As tan 10° = 0-1763 ; 
9x79x2:56_ 1. 
= G4x017es 10M = 161 x1 m = 
, Rutherford’ s ya Model is 
8(a).6, RUTHERFORD’S ATOM MODEL analogous to the solar system. The 


The essential features of Rutherford’s nuclear model of the atom _‘nucleus of an atom plays the role 
or planetary model of the atom are as follows : of the sun. The electrons revolving 
1. Every atom consists of a tiny central core, called the atomic around the nucleus correspond to 


nucleus, in which the entire positive charge and almost entire mass of ‘he Planets revolving in their orbits 
around the sun. The centripetal 


the atom are concentrated. : ; 
2. The size of nucleus is of the order of 10™ !5 m, which is very force neces byP (atte provided 
bee as compared to the size of the atom which is of the order of eS a 4 ald 
if sine atomic nucleus is surrounded by certain number of korce requised. by, Ley ons 
‘electrons. As atom on the whole is electrically neutral, the total Hea A anes a a 
negative charge of electrons surrounding the nucleus is equal to total jectrons and the nucleus. 
positive charge on the nucleus. 
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se electrons revoly | 

De aatripeta! ae i che the nucleus in various circular orbits as do the planets around sy 

the el y electron for revolution is provided by the electrostatic force of ; 

tion between the electrons and the nucleus fi i | 
7. ELECTRON ORBITS | 


if F.= centripetal force required to kee 


‘ P a revolving electron in orbit, 
F,= electrostatic force of attraction be 


for a dynamically stable orbit in a hydrog 


tween the revolving electron and the nucleus, then 


| 
" €n atom, P = F, | 
m Ue wad (e) (e) E 
a Fa 
r 4 TE, r2 .--(6) [ 
e? | 

pe 

4te 0 mv2 or (7) 
KE. of electron in the orbit, K = : mv usin g (6) 
Negative sign indicates that revolving electron is bound to the positive nucleus. | 
2 2 
.. Total energy of electron in hydrogen atom, E=K+U = = ee | 
8mEgr 4NEgr 
€ 
E=- 

8neyr -..(8) | 


Therefore, total energy of electron in orbit of hydrogen atom is negative. Hence, the electron is 
bound to the nucleus, i.e., the electron is not free to leave the orbit around the nucleus. 


B(a).8. ATOMIC SPECTRA , 

When an atomic gas or vapour at low pressure is excited usually by passing an electric current through 
it, the gas/vapour emits radiations of certain specific wavelengths only. A spectrum of this kind is called 
Line emission spectrum and it consists of a few bright lines on a dark background. 

When white light is passed through the same gas/vapour, we observe a bright background crossed by 
afew dark lines signifying the missing wavelengths or the wavelengths that are absorbed by the gas. They 
form the Line Absorption Spectrum. It was found that missing wavelengths are the same as the wavelengths 
Present in the emission spectrum of the gas/vapour. 

The fact that every gas/vapour has its own characteristic line emission/absorption spectrum shows 
that the line spectra serve as finger prints for identification of the gas. 

Fig. 8(a).8 shows emission lines in the spectrum of hydrogen. 


FIGURE 8(a).8 
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8(a).9. SPECTRAL SERIES OF HYDROGEN 


A close look at Fig. 8(a).8 shows that the spectral lines are in groups. Further, the spacing between 


lines within certain sets of the hydrogen spectrum decreases in a regular way. Each of these sets is called a 
spectral series. oi / 
» ‘iti FIGURE 8(a).9 


Balmer was the first to observe one such spectral series in 

the visible region of the hydrogen spectrum. It is called Balmer | 
series and is shown in Fig. 8(a).9. The spectral line with largest 
wavelength, 656:3 nm in the red region is called H,, line, the next 
line with A = 486-1 nm in the blue, green region is called Hg line, | 
the next line with A = 434-1 nm in violet region is called r line 
and so on, Table 8(a).1. The spacing of successive lines and their | 

| 


H, He Hy H Ho 


. i : oo salads 5 OE 
intensity goes on decreasing. t ot © oe 
o =f & é 


Balmer Series 


| ee 


656-3 nm 


Green 486-1 nm 
Blue 434-1 nm 
Violet 410-2 nm 


Balmer found an empirical formula to account for these wavelengths : 


1 drink 
_—= ee where n= eye 4, 2) eet (8) 
where R is a constant = 1-097 x 107 m“!. It is called Rydberg constant and n is an integer having values 3, 
4, 5, ...etc 

For n = 3, eqn. (8) gives 


~ = 1097 x10/ Brea = 1:5236 x 10° m! 
= 656-3 nm 

which is the wavelength of H, line. 

Similarly, for n = 4, we get A = 486-1 nm and so on. For n = © ; we get A = 364-6 nm, which is the limit 
of the Balmer series. Beyond this limit, there are no further distinct lines. Instead, the spectrum becomes 
continuous, though faint. 

Later on, Lyman series was discovered in the ultraviolet region of the hydrogen spectrum. It is 
represented by 


 'SW-’~SCSC~*~*~C~*~S aT 
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Another spectrum, called Brackett series was discovered in the in ifrared region of hydrogen spectrum. 


presented by a 
1 ES RG 2 08 Lie fe 
—_—= —-— |, re = Gy ure | 
R # 3 where n = 5 | 


And in far infrared region of hydrogen spectrum, there was yet another spectral $ 
series, represented by 


Iris © 


eries called Pfund 


—— 


1 l l / 
— = R| —-—— |, where n = 6, 7, 8, -.- - | 
§2 n- ; 


These formulae are useful as they give the wavelengths A and hence 
frequencies [» a me that hydrogen atoms radiate or absorb. However, there FIGURE 8(a).10 a 
is no reasoning why certain specific frequencies/wavelengths alone are 
observed in the hydrogen spectrum. 


@(a).10. LIMITATIONS OF RUTHERFORD ATOM MODEL 


! 
In Rutherford atom model, an electron is revolving around the nucleus | 
and is constantly experiencing a centripetal force. Therefore, the electron 
has an accelerated motion. According to classical electromagnetic theory, | 
the electron must radiate energy. in the form of electromagnetic waves. | 
As the revolving electron loses energy continuously, it must spiral inwards | 
and eventully fall into the nucleus, as shown in Fig. 8(a).10. Thus, | 
Rutherford atom model does not explain the stability of the atom. 
Further, according to classical electromagnetic theory, frequency of em waves emitted by revolving 
electron = frequency of revolution of electron. As the revolving electrons spiral inwards, their angular 
ies of revolution would change continuously. Therefore, frequency of em 


velocities and hence their frequenci 
waves emitted must change continuously. Therefore, atoms should emit continuous spectrum, but what 


we observe is only a line spectrum. 
Ba ).11. BOHR MODEL OF HYDROGEN ATOM 
d atom model, Niels Bohr came to the conclusion that classical 


In view of the limitations of Rutherfor 
mechanics and electromagnetism could not be applied to the processes on the atomic scale. Bohr cleverly 
combined classical ideas and early quantum concepts (given by Planck) to give what is known as Binds 


Model of hydrogen atom. Following are the three basic postulates of this model : 

1. Every atom consists of a central core called nucleus, in which entire positive charge and almost entire 
pause of the atom are concentrated. A suitable number of electr ne (having as much negative charge as the 
Positive charge on the nucleus) revolve around the nucleus in circular orbits. The centripetal force required 
for revolution is provided by the electrostatic force of attraction between the electron and the nucleus. 

If m is the mass of electron moving with a velocity Uv in a circular orbit of radius r, then the necessary 


2 
; mv 
centripetal force is F mie 


em radiation 


Also, the electrostatic force of attraction between the nucleus of charge (+Ze) and electron of charge 


Ce) is 


tr 2 
; 1 Zee) = oa where K = 
r 4nte 


F= 
ANE, r2 h 


= 1, as it contains only one proton. 
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2. According to Bohr, electron can revolve only in certain discrete non radiating orbits, called 
stationary orbits, for which total angular momentum of the revolving electron is an integral multiple of 
h/2n, where h is Planck’s constant. 

Thus the angular momentum of the orbiting electron is quantised. 

As angular momentum of electron = mur, .. for any permitted (stationary) orbit 


nh 
asin diy ...(10) 


where rn is any positive integer, 1, 2, 3..... 
It is called principal quantum number. The quantum condition (10) limits the number of allowed 
orbits. The electron, while revolving in such orbits, shall not lose energy i.e., its energy would stay constant. 


iar \) 19 Stationary state does not mean that electron is stationary in that state. Rather, it means 
IN that energy of electron revolving in stationary orbit remains constant, i.e., the electron 
ws be)i8@ does not radiate/emit/lose any energy while moving in a stationary orbit. 


3. The emission/absorption of energy occurs only when an electron jumps from one of its specified 
non-radiating orbits to another. The difference in the total energy of electron in the two permitted orbits 
is absorbed when the electron jumps from an inner to an outer orbit, and emitted when electron jumps 


from outer to the inner orbit. 
If E, is total energy of electron in an inner stationary orbit and E, is its total energy in an outer 
stationary orbit, then frequency v of radiation emitted on jumping from outer to inner orbit is given by 


On the basis of these three postulates, we calculate the following : 
(a) Radii of Bohr’s stationary orbits 


nh nh 
From (10), mur =—., o vw=—— 
21 2™mr 
212 2 272 2 h2 
Put in (9), RaSoari Patil | vAAE1) oon uC toa At jyotss oie!) Damages 
r 4n2 m2r2 pe 4n° m KZe Z | 40° mKe~ 


ie., radii of stationary orbits are in the ratio 1? ; 2? ; 3? : and so on ie. 1 : 4: 9. Clearly, the 
stationary orbits are not equally spaced. 

The variation of radius (r) of stationary orbit of hydrogen atom with the principal quantum number is 
shown in Fig. 8(a).11. baal 
Putting h = 6-6 x 10~*4 joule-sec., m = 9-1 x 1073! kg, nerre sent 

K =9x 109Nm?C%, e = 1-6 x 10°19C 
we get from eqn. (12) r=n?x 5-29 x 107! m 
For example, size of Ist orbit (n =1) of hydrogen atom is 
r= 1x 5-29 x 10! m= 0-529 A = 5:29 x 107! m 
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(12) can be rewritten as 


Bn 


2 
= (5:29 x 1071! m) Le 
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(b) Velocity of electron in Bohr’s stationary orbit 
” KZe? 


From (9), } From (10), 


r 


mv 
KZe? 
mv2—-2mmv 
For hydrogen atom, Z=1 


nh 


E 2n Ke” 
nh 


Vv 


Calculations show that in the first orbit (n = 1) of hydrogen atom, 


1 


orbital velocity of electron is 2-2 x 10° m/s which is roughly ane of the 


yelocity of light in vacuum. 
Further, the orbital velocity of electron 
compared to its value in the inner orbits. 
The variation of speed (v) of ane 
atom with the principal quantum num 
[Sample)Problem Find the waveleng 
orbiting in the first excited state of hydrogen atom. (CBSE 2017) 
Sol. Here, A=?n=2 for first excited state 


th of electron 


- 9 x6.6x6-6x10-% M _ 669x107 m 
’ \ =~ 628x81x 16x16 
_ (©) Frequency of electron in Bohr’s stationary orbit 
"Its the number of revolutions completed per second by the electron 
4 Stationary orbit, around the nucleus. It is represented by V 


From v=rw=r (27 V) 


2 2 
ogee. Ree using (15), 

f nr nh20Er nhr 
KZe* (16) 


a ie 
Sey eS —————— 
’ abe 101° m 
___ Wte first orbit of hydrogen atom pat, r= 053% 


in outer orbits is smaller as 
("vc I/n) 


lectron in a stationary orbit of hydrogen 
ber (n) is shown in Fig. 8(a).12. ae " 
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alae) 
ie nh _ 
21% mv 
_ 2h KZe" (14) 
nh 
pdt 


(~~ FIGURE 8(a)-1 2 


po 


We can rewrite eqn. (15) as 


Ar OUI T 


yw 2K ee _ 2nKe* \c 
nh ch n 
Cc 
v=a— 
n 
mK e? 


= constant, 


where Q@= 

called fine spree constant. 
_.2x314x9x 10° (6x107'9)? 
~~. (3x108) (6:66 104) 


a=— 
137 


.. In the first stationary orbit of 
hydrogen atom, orbital velocity of 
electron, 


ye Ke, 1 
= 2:2 x 10° m/s 
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using K = 9 x 109 Nm? C?, Z= 1, 4 = 6.6 x 1074 Js, e = 16% 10-19 C, we get 


9 : —19 y2 
“yt 9x109 x1x (1-610 o. = 657 x 1015 rps 
(6:6x10-*4 ) x (0-53 x 10") 


L PHYSICS (xii) 


As r« n2, therefore from (16), ‘: 


The frequency of electron in subsequent stationary orbits is smaller. 
(d) Total energy of electron in Bohr’s stationary orbit 


The energy of elecrtron revolving in a stationary orbit is of two types - 
Kinetic energy which is due to velocity and potential energy which is due to position of electron. 


mv? _ KZe? 
From the first postulate of Bohr’s atom model, ~~ ~ ee 
¥ 
eee RZ 1 _ Kze* 
—mv* =—-—_ >» i.€., K.E of electron =~ mu" =~,” (17 
2 2 47 2 2r the 
ential ch WK: a ; , : KZe 
otential due to the nucleus, at any point in the orbit in which electron 1s revolving =——_ 
r 
Potential energy of electron = potential x charge 
_ KZe(-e) _= KZe* 
IS simcatit se .-.(18) 
r r 
Total energy of electron in the orbit, E=KE+PE. = 1 KZe* _ KZe* = _KZe* 
2 r 2F 
Putting ne fro 
r= m (12), 
: 42 mKZe* ee (19) 
Substituting the standard values, we get 
: OZ. 2arexdOneZ2 2 
=~ (21-76x10-19) J = -——_a5 eV = - (13: ze 
n2 n2 x1-6x107!9 5 ey ee eV .--(20) 
For hydrogen atom, Z= 1 
13: 
E= 2 Ea eV 
n «(21) 


Eqn. (21) shows that total energy of electron i tatio 
in re . , 
electron is bound to the nucleus and is not free to baie it nary orbit iaimepetive, whiek means 


Further, as n has discrete values (1, 2 th 
. P sais >” 3, coeds (v) fi Fs 
quantised. This is called Bohr’s energy ape sp fore <AEREy OE, ARRIETA RDI _ 


“TINT In ground state of hydrogen atom (Z = 1, n = 1), From (17) and (18) 


1 Ke? 2 
K.E.=— __Ke 
a IEE and P.E.=— =-2K.E. 
Total energy, E = K.E. + PE. _1 Ke _Ke? oe ike 
or ~ af . =-K.E. 


Thus in a hydrogen atom, K.E.=E;PE.=-2E,TE.=-E 


As total energy of elec ; 
tron revolving in ve . 
bound to the nucleus. g in any orbit is negative, the revolving electrons are 


—— 


OO hs 
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The energy of the atom is least ( 


= lar i | 2 
Best negative value) when n= 1, i.e., when electron is revolving 
State of lowest ener 


136 gy of the atom is called ground state. The energy 
of this state is, E, = rua 


iq an orbit closest to the nucleus. This 


IN ee ic : . 
6cV . Therefore, the minimum energy required to remove the electron 
from the ground state of hydrogen atom is 13-6 eV. 7 


As n increases, value of negative ener : ; 
BY decreases, i.¢., energy is ' ; its. 
These are called Excited States, gy is progressively larger in the outer orb 


his is called ionisation energy of hydrogen atom. 


— that stationary orbits of electrons 
ate 2? : 3° .... In outer Stationary or 
revolution decrease. Total energy of 
orbits. 


are not equally spaced. Their radii are in the ratio 
bits, velocity of electrons and their frequency of 
electron in outer orbits is more than that in inner 


Sampl 


— micRiom Calculate the radius of the third Bohr orbit of hydrogen atom and the 
energy of electron in that orbit. 


Sol. Here, r=?,n=3,E=? 


2,2 2 = 
nh , 3° (6-6 10734 )2 9 
As Ber Port 2s vg pa Oe =4.775 x 10719m= 4-775 A°® 
mke BK RA ROLL MO RLO 
et Dh iad 
E= 21° mk~ e 
n7h2 
On putting the standard values, we get E=-2-43 x 10719 J 


(e) Origin of spectral lines 
At room temperature, most of the hydrogen atoms are in 


ground state. When a hydrogen atom receives energy by processes SURE Aa) 
such as electron collisions or heat, the atom may acquire sufficient <|]3Bnaton 
energy to raise the electron to higher energy states, i.e., fromn = 1 hv | 
ton = 2, 3, ... . The atom is then said to be in an excited state. 


From these excited states, the electron can fall back to a state of | 
lower energy—emitting thereby a photon of particular energy | 
© difference in energies of the two states), Fig. 8(a).13. | 


Suppose 
E, = total energy of electron in the inner (n,th) orbit. 
Ey = total energy of electron in the outer (mth) orbit, 
When an electron jumps from an outer to an inner orbit, the energy of radiation emitted, according to 
Bohr’s third postulate, is hv = E,-E, 


2n2mK2Z2e4 20? mK? Z? e* 


eee. Cee 


4 aaj 2 
Using (19), ee iki ny he 
een mk 2 en | 1d 
5 aE nm 


a aca | 
SS eee Fp kaon 


ch? +oe(22) 


————EVoO—e— sere ern a  8 «6a 
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Now, : ~¥. the wave number of radiation emitted i.e., number of complete waves in unit length, 
2n?mK7e4 
nN : = R,| a constant called Rydberg constant. 
ch 


Putting the values of various terms in the above relation, we get the value of Rydberg constant 


R = 1-097 x 107 m 


”. From (22), 


For hydrogen, Z=\ ++-(23) 


Egn. (23) is called Rydberg formula for the spectrum of hydrogen atom. Clearly, wavelengths/ 
frequencies/wave numbers of radiations emitted by the excited hydrogen atom are not continuous. 
They have specific values depending upon the values of n, and 7. 

Sample Problem) In hydrogen atom, wavelength of emitted photon will be minimum in which 
of the following transitions ? . 

(i)n=2ton=1; (ii) n =6ton=5 (iii)n=3ton=2 (MP PET 2012) 

Sol. Wavelength of emitted photon will be minimum when frequency and energy of photon are 
maximum. For maximum energy, the energy difference of the two transitions should be maximum. This 
occurs between n = 2 ton =1. 


{=a 9\) 1) When external energy is supplied to an atom, an electron in any stationary orbit may absorb 
IN this energy and go over to higher energy level. After 10-8 second, the electron jumps back 
to the original energy level by emitting the absorbed energy in the form of a photon. 


8(a).12. BOHR’S EXPLANATION OF SPECTRAL SERIES OF HYDROGEN ATOM 


Long before Bohr gave his theory of hydrogen atom, various scientists had observed experimentally, 
the spectral series of hydrogen atom as detailed in Art. 8(a).9. Bohr offered a theoretical explanation of 
these spectral series as follows : 


1. Lyman Series 
Bohr postulated that Lyman series is obtained when an electron jumps to the first orbit (n, = 1) from 


any outer orbit (n = 2, 3, c. ees ). 
Wave numbers of spectral lines of Lyman series were calculated using eqn.(23), i-e., 


1 
Vi ao | where k = 2,3,4..... 
12 k2 


The longest wavelength of the spectral lines of Lyman series is emitted when transition of electron 
takes place from n, =k =2 ton, = 1 : 


ts BR eee lex 
hee r 12 2? 4 
4 4 


x EEE 
Imax 3R 3x1-097x10! 
The shortest wavelength of the spectral series of Lyman series is emitted when transition of electron 


takes place from n) = k = to n, = 1 


= 1-216x 107 m=1216A 


_ ee 
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1 bel A 
12 ‘min = RR 4.097 x 107 


These values of ¥ lie in the ultra violet regigas of the spectrum and agree well with the values of V 


observed experimentally by Lyman. 

2. Balmer Series 

According to Bohr, Balmer series is obtained when an electron jumps to the second orbit (1, 
any outer orbit (n> = 3,4,5...). 

Wave numbers of these spectral lines were calculated using eqn.(23), 1.2. 


= 2) from 


“3 ff oem | 
v= i Eaerat where k = 3, 4, 5...... 
22 k2 
This set of spectral lines lie in the visible part of the spectrum. 
Proceeding as above, we can prove that 
hp  =6563A and A, =3646A 


max min 


3. Paschen Series 


t 
According to Bohr, Paschen series is obtained when an electron jumps to the 3rd orbit (7, = 3) from 
any outer orbit (n, = 4, 5, 6...). Bohr calculated the wave numbers of spectral lines of Paschen series from 
the relation : 


V= alz-a}, where k = 4, 5, 6..... 
ie oa 
These values of ¥ lie in the infra red region of the spectrum and agree well with values of y observed 
experimentally by Paschen. ; 
Proceeding as above, we can prove that 


FIGURE 8(a).14 


hp. =18751A 
and Ap = 8220A 


min 

Bohr also predicted two new series in the infra 
red region of the spectrum, which were observed later 
by Brackett and Pfund. 

4. Brackett Series 

According to Bohr, Brackett series is obtained 
when an electron jumps to the 4th orbit (m) = 4) from 
any outer orbit (n, = 5, 6, 7...). 

5. Pfund Series 

According to Bohr, Pfund series is obtained when 
an electron jumps to the Sth orbit (n, = 5) from any 
Outer orbit (n, = 6, 7, 8...). 

The various spectral series of hydrogen atom are 
Tepresented in Fig. 8(a).14.* 

Table 8(a).2 gives the longest wavelengths (A,,,x) and the shortest** wavelengths (A,,i,) of some of 

Spectral series of hydrogen atom. 


seues sowjeg 


Paschen ‘Series 


| 
| 
| 


a *Circular orbits shown in Fig. 8(a).14 are only symbolic. These are not drawn to scale as r o n2 
4 **Wavelength emitted will be shortest when ny = °° 


i 


ne AE tS SN Se GS = SR) DO tb 
IBF > FU a 


ans Pradees's FUNDAMENTAL PHYSICS (Xil) Mere 


TV.) aoe C) ey Wave length limits (A,,,,, and —s of some spectral series of Hydrogen 


Spectral Series 


Lower state 


1. Lyman 1216 aa oo 912A 
2. Balmer 6563 A 3646 A 
18751 A 8220 A 


3. Paschen 


8(a).13. ENERGY LEVEL DIAGRAM | ee ai + "Dp oO 
You 
KNOW ? 


Sool $2", 
1. Bohr’s atomic theory coacinied 


' : ; “fi the wavelengths in different series, 
The vertic : 
al line connecting any two states represents the transition Which are,axactly. same@s found 


of the electron from one to the other of these states. Difference of energies experimentally. That is how 
of two states gives the amount of energy emitted/absorbed according as the a henti city and validity of Bohr’s 
electron goes from higher to lower energy state or from lower to higher atomic theory is established. 


A diagram which represents the total energies of electron in 
| different stationary orbits of an atom is called the energy level 
| diagram of that atom. In this diagram, total energies of electron 
in various stationary orbits are represented by parallel 
horizontal lines drawn according to some suitable energy scale. 


energy level, in an atom. ; 
} ; 2. There are more spectral series 
Total energy of electron in nth orbit of hydrogen atom is also, e.g., Humphrey series — 
5 ay which is obtained when electron 
_—2m mK*e jumps to 6th orbit from any outer 
De Sse (24) ; 
n2n2 orbit (n = 7, 8, 9....). 
On substituting the standard values, we get as shown in Art 8(a).11(d), 
13-6 
ee N, .a(25) 


Putting n = 1, 2, 3.....we get the energies of electrons in various stationary orbits as : 


13-6 13-6 13-6 
By =~ =-136eV E, =-Sp=-34ev Ey=-paobslev 
13-6 13-6 13-6 
E,=-—, =—085e eV Es ir 57 = 054 eV ES ae 
4 5 6 
13-6 
E, eS ae eV 


Clearly, as n increases, E,, becomes less negative until at n = ©, E, = 0. 
The energy levels of hydrogen atom are represented in energy level diagram, Fig. 8(a).15. The principal 
quantum number (n) labels the stationary states in ascending order of energy. The highest energy state 


corresponds to n = and has energy F— = Bie =OQeV. This is the energy of the atom, when the electron 


co 


is removed (r = ) from the nucleus and the electron is at rest. As n increases, energies of the excited 
states come closer and ¢!>cer together as shown in Fig. 8(a).15. 

Note that an electron can have any total energy above E = 0 eV. In such a situation, the electron is 
free. And there is a continuum of energy states above E = 0 eV. 

The various spectral series of hydrogen atom have also been drawn in Fig. 8(a).15. From this diagram, we 
can calculate the energy, frequency, wave number etc. of any line of the various spectral series of hydrogen atom. 


- 
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— 


ee 


Balmer series 


— 14-0* Lyman series 


Sample Prebiem) Calculate the longest and shortest wavelength in th 
; e Balmer seri 
hydrogen atom. Given Rydberg constant = 1-0987 x 107 m-!. ah aien 


Sol. The wavelength (A) of different spectral lines of Balmer series is given by 


1 
ee a 
Xr 22 ne 


Longest wavelenth is of H,, line or 1st line of the series, for which ny, =3 


1 
1 © 4.097107 Ee -3| =1.097x107 x > 
r 2? 32 36 
x 36 oh oe tL nin me 
~ §x1-097x107 5x1097x107 = S563 A 
For shortest wavelength, Ny = 00 
rer : 7 
4 -1097x107| 5-5] -ormic! 
r 2* 60 4 
4 4x10!9 A° 
= = 3646 A° 


= — m = —— 
d 1097 107 1097x107 


The second postulate of Bohr atom model says that angular momentum of electron orbiting around 
the Nucleus js quantized, i.e., mur = MLL where n = 1, 2, 3. Louis de Broglie explained this pazzle in 


1923, ten years after Bohr proposed his model. According to de Broglie, the electron in its circular orbit, as 


Proposed by Bohr, must be seen as a particle wave. 
a 


ad. 2 P SS (xi 

ats Pradeeg 2 FUNDAMENTAL PHYSICS (Xil) {Zena 
We know that when a string fixed at two ends is plucked, a large number of wavelengths are excited, 

But only those waves which have nodes at the two ends form the standing waves and survive. It means that 

in a string, standing waves form when total distance travelled by a wave down the string and back is any 

integral number of wavelengths, Waves with other wavelengths interfere with themselves upon reflection 


and their amplitudes vanish quickly. 
Hence, according to de Broglie, a stationary orbit is that which contains an integral number of de 


Broglie waves associated with the revolving electron. 
For an electron revolving in nth circular orbit of radius r,,, 
total distance covered = circumference of the orbit = 2 1 r,, 
'. For the permissible orbit, 2mr,=ndr 


: : h tn 
According to de Broglie, = —— | rae 
mv DE | 
n ¢ . - ™ } 
where v,, is speed of electron revolving in nth orbit. 
nh n 
mv a 


n 

i.e., angular momentum of electron revolving in nth orbit must 
be an integral multiple of h/2x, which is the quantum condition 
proposed by Bohr in second postulate. 

Thus, the wave particle duality plays the central role in the structure 
of the atom. Fig. 8(a).16, shows a standing particle wave on_a circular 
orbit forn =4,7.e,2mr,=42. 

Sample Frebiem The velocity of electron in inner most orbit of hydrogen atom is 2-2 x 10° 
m/s. Use de-Broglie hypothesis to calculate radius of innermost orbit. 


Sol. Here, v = 2:2 x 10° m/s. 
de-Broglie wavelength associated with this electron, 
pee Here O Oe ame = 0:333 x 102m 
mv (9x1073!) (2:2x10°) 
If r is radius of the orbit, then according to de-Broglie hypothesis. 


A _ 0:333x10~ 
2nmr=1A; — = ————_ = 053 -10 m = 
tr = fo. aA x 10719 m = 0-53 A 


2tr, = or mv,, I, = 2 =n (hm) | 
T 
{ 
} 
} 
| 
{ 
} 


Comert? ci QUESTIONS 
[3D what is Bohr’s Sopenson dahon Seincinie ? 

Ans. As is known, Bohr's atom model has been replaced by quantum mechanical model. According to 
this model, electrons in an atom do not move around the nucleus in definite orbits. However, the 
probability of finding the electron is high near the Bohr orbit radius, and at the same time, the 
probability of finding the electron between these orbits is not zero. 

According to Bohr’s correspondence principle, the predictions of quantum theory must correspond 
to the predictions of classical theory in the regions of sizes where classical theory holds. 
For large sizes wherein classical theory holds good, quantum number n becomes large. We may 
therefore rewrite Bohr’s correspondence principle as : 

Limit [quantum physics] = (Classical Physics) 

n> © 
For example, quantum condition for emission of radiation is hv = E;— Ey 


EEE a oa a; ee a a Oe = apt. 


y 
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And Maxwell's classical theory says that an electron revolving with orbital frequency ¢ must radiate 
light waves of frequency /, Calculations show that for quanturn number nas large as 10000, the 
difference in v and fis less than 0:015%, Thus Bohr’s correspondence principle is established. 
What are the basic characteristics of Lasers? Mention some of their applications. 

Some of the basic characteristics of Lasers are : (/) Laser light is highly rnonochromatic, (if) Laser 
light is highly coherent, (iii) Laser light is highly directional, (iv) Laser light can be sharply focussed. 
Some of the important applications of Lasers are in : (/) performing surgery of many kinds, (i) voice 
and data transmission, (///) surveying, (/v) welding autobodies, (v) manufacturing and reading compact 
discs and DVDs, (vi) garment industry (cutting several hundred layers of cloth at a time), 


(vil) generating holograms. 


Ans. 


17 
| is the circular path of motion of 


ding to quantum mechanics, we 
ons in an atom. We 


© An orbit of an electron in the Bohr mode 
pan electron around the nucleus. But accor 

"cannot associate a definite path with the motion of electr ; 
| can only talk about the probability of finding an electron in a certain region 
of space around the nucleus. This probability is inferred from the one 
electron wave function called the orbital. This orbital has no resemblence 


~~ whatsoever with the orbit. 


§(a).15. LIMITATIONS OF BOHR’S THEORY 


Following are some of the limitations of Bohr’s theory. 

1. This theory is applicable only to simplest atom like hydrogen, with Z 
atoms of other elements for which Z > 1. 

2. The theory does not explain why orbits of electrons are taken as ci 


= |. The theory fails in case of 


rcular, while elliptical orbits are 


also possible. 
3. Bohr’s theory does not explain t 
4. Bohr’s theory does not say anything ab 
5. Bohr’s theory does not take into account 
6. Bohr’s atomic model does not give any indicatio 


; 
electrons in an atom. 
7. Bohr’s model could not explain the splitting of spectral lines under the effect of magnetic field 


he fine structure of spectral lines even in hydrogen atom. 

out the relative intensities of spectral lines. 

the wave properties of electrons. 

n regarding the arrangement and distribution of 


(Zeeman Effect). 
8. Bohr’s model could not explain the splitting of spe 


Effect), 
8(a).16. HYDROGEN LIKE ATOMS 


m has a single proton in its nucleus and a single electron is revolving 


ctral lines under the effect of electric field (Stark 


As is known, hydrogen ato 
around the nucleus in a circular orbit. 


™ An atom consisting of a nucleus 
ving a single electron revolving aroun 
For example : 
(i) singly ionized Helium 
48 out of two electrons, one has been removed, 
* (ii) doubly ionised lithium atom (qLi7) has Z = 
Out of three electrons, two have been removed. 


_ We can show that 


of charge + Ze (where Z is the atomic number of the atom) but 
d the nucleus is called Hydrogen like atom. 


atom ( »He') has Z = 2; and a single electron revolving around the nucleus 


3, and a single electron revolving around the nucleus 


pene 


(a) Radius (7) of nth orbit of hydrogen like atom cone 
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For example, for singly ionized >He4 atom, radius of first orbit, 
(KH )H 0.53 
(1) He — myer = is al = 0:265 A. 


(b) Speed (v’ ) of electron in nth orbit of hydrogen like atom 


For example, speed of electron in Ist orbit of singly ionised He atom 
vi, = Z (vp) = 2 (2 x 10°) m/s 

and speed of electron in Ist orbit of doubly ionised Lithium atom (Z = 3) is 
Vo =Z (v9) =3 x2 x 10° m/s 


(c) Energy of electron in nth orbit of hydrogen like atom 


SOM ae 


n 
n2 


For example energy of electron in Ist orbit of singly ionised He atom 


E e 


: 2 
Eo = ev = -54-4eV 


and energy of electron in first orbit of doubly ionised Lithium atom 


: 2 
fas seas eV =-122-4eV 
Note. Some energy levels of singly ionised He atom are same as that of hydrogen atom. Therefore, 
spectrum of light emitted by He* atom and hydrogen atom may be same. 
Sample Problem 1 Calculate radius of first orbit of singly ionized He atom, when radius of 


first orbit of hydrogen atom is 0°53 A. 
ty 053A A 
Sol. For helium atom, Z=2 .. ye = os = — = 0265 A 
Sample Problem 2) The energy of electron in 1st orbit of hydrogen atom is — 13-6 eV. What 
will be the energy of doubly ionised ,Li’ atom in the first orbit ? 


Sol. For ali’, Z=3andn= 1 for first orbit E’ = ee = “136% =-122-4eV 
n 
8(a).17. EXCITATION AND IONISATION POTENTIALS 

Whenever an electron revolving in a stationary orbit of an atom absorbs some energy, two things 
may occur : 

1. The electron may jump over to an outer orbit of higher energy. This process in which absorption of 
energy by an electron takes the electron from an inner orbit to some outer orbit of higher energy ts 
called excitation. The atom is said to be in the excited state. The minimum accelerating potential which 
provides an electron energy sufficient to jump from the inner most orbit (ground state) to one of the 
outer orbits is called excitation potential or resonance potential. 

For example, in case of hydrogen atom, energies of electron in various orbits are : 

E, =- 13-6 eV, E,=—3-4 eV, E,; =— 1-51 eV and so on, E,, = 0. 
. Energy required to raise an electron from ground state (n = 1) to first excited state (n = 2) is 
E=E,- E, =-3-4- (- 13-6) =— 3-4 + 13-6 = 10-2 eV 


ee 


ATOMS AND NUCLEI ue 
The corresponding excitation potential = 10-2 volt 
Similarly, ie required to raise an electron from ground state (n = 1) to second excited state 
(n= 3) is = E3 — Ey =~ 1:51 ~~ 13-6) = - 1-51 + 13-6 = 12.09 eV 
The corresponding excitation potential = 12-09 volt and so on . 


Thus, excitation potential of an atom is not one. It can have many values, depending on the state to 
which the atom is excited. 

2. If os Nrelig = Supplied is so large that it can knock out an electron from the atom, the process 1s 
called Ionisation. Thus, ionisation is the phenomenon of removal of an electron from an atom. The 
minimum accelerating potential which would provide an electron energy sufficient just to remove it 
from the atom ts called lonisation potential. 

For example, total energy of electron in ground state of hydrogen atom = — 13-6 eV. To remove this 
electron from the hydrogen atom, + 13-6 eV energy is required. 

-, Ionisation energy of hydrogen atom = 13-6 eV, Ionisation potential of hydrogen ato 


2 
13°62 volt, where Z is the charge 
2 


m = 13-6 volt. 


The general expression for ionisation potential of an atom is V = 


: 
| 
number of the atom and 7 is number of orbit from which electron is to be removed. | 
Note that for a given element in ground state, ionisation potential is fixed. But for different elements | 
in ground state, ionisation potentials are different. | 
It should be clearly understood that when an element is not in ground state, ion 
element will not be unique. Ionisation energy of the given element will vary with the i 
the element. 
For example, if hydrogen atom is in first excited state, Ey = — 3-4 eV. Therefore, its ionisation energy 
=F, —- E, =0-( 3-4) eV = 3-4 eV. Similarly, if hydrogen atom is in second excited state, its energy 
E, =- 1-51 eV. Therefore, its ionisation energy would be E,, - E,=0-(- 1-51) eV = 1-51 eV. 


8(a).18. X-RAY SPECTRA : CONTINUOUS AND CHARACTERISTIC 


There are two types of X-ray spectra : 
1. Continuous X-ray spectrum, 


isation energy of the 
nitial excited state of 


FIGURE 8(a).17 


50 KV | 


2. Characteristic X-ray spectrum. 5 
(a) Continuous X-ray spectrum is that which consists 2 ra 
of all wavelengths larger than a certain minimum wavelength, 5 
= 30 KV 


Amin: The intensity of X-rays forming continuous spectrum 
varies with the voltage applied across the cathode and target 
of X-ray tube as shown in Fig. 8(a).17. This spectrum does 
not depend on nature of material of the target. 

Consider an electron of initial KE = Ko that interacts 
(collides) with one of the target atoms, as shown in Fig. 
8(a).18. The electron may lose a small amount of energy AK, 
which would appear in the form of X-ray photon. This is 
Tadiated away from the site of collision. 

If we ignore the energy transferred to the recoiling target 

atom, the energy of scattered electron would be (Ko - AK). 


The scattered electron may have a second collision with 

a target atom generating another X-ray photon and so on. 
This electron scattering process continues till electron is 
approximately stationary. All the photons generated by such 
lectron collisions form part of continuous X-ray spectrum. 
Rte If incident electron were to lose all its initial KE (Kp) ina single head on collision with a target atom 
Single X-ray photon of maximum energy/frequency or minimum wavelength would be emitted 5 


——> X-rays 


FIGURE 8(a).18 


Target Atom 


Scattered 
Electron 
(Ko-AK) 


Incident 
Electron 


(Ko) 
X-ray Photon 
(Av = AK) 


- — 
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hc he 
Ky = AV nx = s+ r ° 
0 min Ky 

This is the cut off wavelength of continuous X- 
ray spectrum, which does not depend upon the target 
material. 

(b) Characteristic X-ray spectrum is that which 
consists of a few particular wavelengths superposed 
on the continuous X-ray spectrum in the form of peaks 
as shown in Fig. 8(a).19. These wavelengths are 
characteristic of the target material of X-ray tube. 

The peaks arise when an energetic electron 
strikes an atom of the target and knocks out one of the 
atom’s deep lying electron, creating a vacancy or hole, 
in this shell (say K shell, n = 1). An electron in one of 
the outer shells having higher energy jumps to K shell, 
filling the vacancy/hole. During this jump, the atom 
emits a characteristic X-ray photon. If the jump is from 
L shell (n = 2), the emitted radiation is K, line. If the 
jump is from M shell, the emitted radiation is Kg line 
and so on. 

Similarly we obtain L,, Lg lines when electron 
jumps to L shell from M shell and N shell respectively. 
Some of the spectral lines are shown in Fig. 8(a).20. 
Their wavelengths would depend upon nature of the 
target material of X-ray tube. 


FIGURE 8(a).19 
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).1. INTRODUCTION 
In a Sigel learnt that atomic nucleus was discovered in the y 
ane - . ~ ani of large angle scattering of alpha particles from t 
Fae Lid aa i that pe ino nucleus is the central core of every atom whic 
ive charge and more than 99:9% of the mass of the atom. Whereas the size of an at 
10 m, the size of atomic nucleus is of 7 cin aiescci ip opeennr 

: eus is of the order of 1075 m. Thus, most of the space around th 


ear 1911 by Rutherford and 


hin metal foils. 
h contains enure 


m is of the order 
e nucleus 


g(b 
his 4 


posit 
of 107 
of an atom is empty space. 

In this chapter, si shall study the constituents of the nucleus and how th 
» study size, mass, density and stability of nuclei, Finally, we shall have 2 


a such as radioactivity, nuclear fission and nuclear fusion 


gether. We shall 


ey are held to 
nuclear 


spenomieh look at the associated 
8(b).2. ATOMIC MASSES 

ae ae into the nuclear phenomena, it is essential to dete 
an element. The instrument designed for this purpose is called a mass spectrome 
mass spectrometers are due to Aston and Bainbridge 

The unit in which atomic and nuclear masses are measured is called at 


unified mass unit (u). 


rmine accurately, the atomic mass of 
ter. Two commonly used 


omic mass unit (a.m.u.) OF 


One atomic j j iti 
mass unit or unified mass unit is defined as 1/12 th of the mass of an atom of ger’ 


isotope. 


As Avogadro’s number = 6-023 x 107%, . Mass of 6-023 x 1023 atoms of C!? = 12 g 


12 


Mass of one atom of C!? = ———_ 8 
6-023 x 1073 


By definition, 1 a.m.u. = = x mass of one atom of C!? 


il) 
Game) —— Xe eal = 1-66 x 10-24 
12 * 6023x102” é 


denmain= d6O.xAOa ke 


12 C 
6C © contains 12 nucleons, therefore, one a.m.u. re 
.m.u. represents the avera 
ge mass of a 


As an atom of 
nucleon and is denoted by u. 

In terms of this unit, mass of an electron (m,) = 

__ ‘mass of a hydrogen atom = m, + Mp = 

Atomic masses can also be expressed in terms 0 


One ° . 
electron volt is the energy gained by an electron, when accelerated through 
a potential 


0-00055 u, mass of proton (m,) = 10073 u 
1.0078 u, mass of a neutron (m,) = 1-0086 u 
f unit of energy, which is electron volt. , 


difference of one volt. 


As work done = charge x potential 
1 eV = 1-602 x 10712 (C) x 1 (V) = 1-602 x 1079 joule. 


1 MeV = 1 million eV = 10° eV = 1-602 x 10713 j 
hae between a.m.u. and MeV ‘ye 
aaa to Einstein, mass energy equivalence is represented by E = m 
fs g m=1.amu. = 1-66 x 10-27 kg. and c= 3-0 x 10° m/s : 
e get, E = (1-66 x 10-27) (3-0 x 108)? J = 1-49 x 10-19 J 


2 


_ 149x107 vey = 931-25 MeV 
16x107}3 " ; 


. | tamu. = 931 MeV) , which is used as a standard conversio 
ites n. 
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8(b).3. COMPOSITION OF NUCLEUS 
The study of radioactive disintegrations indicates the emission of alpha, beta and gamma particles/ 
rays to be of nuclear origin. Further, study of artificial radioactivity has revealed that many other particles 
like proton, neutron, alpha particles, beta particles and sub-particles like meson, positron, neutrino enter 
into the constitution of the nucleus in one way or the other, Based on these studies, several hypothesis have 
been put forward about the structure of the atomic nucleus. Prominent among them are : 


1. Proton-Electron hypothesis, 2. Proton-Neutron hypothesis. 
(a) Proton Electron hypothesis 
This was put forward in the year 1930 to account for the emission of alpha and beta particles from the 
nuclei of radioactive elements.The positive charge in the nucleus is that of protons. A proton carries one 
unit of fundamental positive charge and is stable. An electron carries one unit of fundamental negative 
charge and its mass is negligible compared to the mass of proton. 
According to proton electron hypothesis, the nucleus of an atom of mass number A and atomic number 
Z is made up of A protons and (A-Z) electrons. As every atom is electrically neutral, it must contain Z more 
electrons. They revolve around the nucleus in circular orbits, However, this hypothesis was rejected later in 
view of the following problems : 
(i) According to de Broglie hypothesis and Heisenberg’s uncertainty principle, if an electron is to exist 
inside the nucleus, it should possess energy ranging from 20 MeV to 200 MeV. 
But the energy of electrons emitted during B-decay is at the most 2 to 3 MeV. Therefore, existence of 
electrons inside the nucleus is not justified on the basis of wave mechanics. 
(ti) The observed values of nuclear spin or angular momentum of nuclei rule out the possibility of existence 
of electrons inside the nucleus. 
(iti) Experimentally, the values of magnetic moments of nuclei are much smaller than the magnetic moments 
of electrons. Therefore, electrons cannot exist inside the nucleus. 
(iv) The presence of a few electrons inside the nucleus and others revolving in orbits around the nucleus 
show dual role of electrons in the atomic structure, which is difficult to visualize. 
Discovery of Neutron 
A neutron is a neutral particle carrying no charge, and having mass equal roughly to the mass of a 
proton. This particle was discovered experimentally by Chadwick in the year 1932 : 
(i) Chadwick observed that when beryllium was bombarded with alpha particles, some neutral radiations 
were emitted, which could knock out protons from light nuclei like helium, carbon and nitrogen. 
(ii) Application of the principles of conservation of energy and momentum showed that neutral radiations 
from bombardment of beryllium could not be photons. Chadwick solved this puzzle by assuming that 
these neutral radiations consisted of hitherto unknown neutral particles — which were called neutrons. 
Chadwick estimated the mass of a neutron being roughly equal to mass of a proton. 
Whereas a free proton is stable ; a free neutron is unstable and has a mean life of 1000 second. 
Neutron is however, stable inside the nucleus. 
Chadwick was awarded the 1935 Nobel Prize in Physics for his discovery of neutron. 
(b) Proton-neutron hypothesis 
This hypothesis was put forward by Heisenberg after the discovery of neutron by Chadwick. 
According to this hypothesis, a nucleus of mass number A and atomic number Z contains Z protons, 
and (A—Z) neutrons. As an atom is electrically neutral, therefore, number of peripheral electrons must be 
equal to Z, the number of protons inside the nucleus. 
This hypothesis accounted for all the discrepancies of proton electron hypothesis. 
As is known, a neutron is a neutral part’ -le arrying no charge. A proton carries a unit positive charge. 
Proton is slightly lighter than a neutron. 
mass of proton, m, = 1-6729 x 10-2” kg = 1-007825 amu 


P 
mass of neutron, m, = 1:6743 x 10-27 kg = 1.008665 amu 


Ln 


roms AND NUCLEI se 
A proton and a Reudon may be regarded as two different states of the same particle, called nucleon. 
As the atom 1s electrically neutral, number of electrons in an atom is equal to the number of protons 


inside the nucleus. 

Atomic Number of an element is the number of protons present inside the nucleus of an atom of the 
jement. It is also equal to number of electrons revolving in various orbits around the nucleus of the atom. 
It is represented by Z. 
Mass Number of an element is the total number of protons and neutrons pre 
nucleus of the element. It is represented by A. 

Thus, in an atom, — number of protons = Z ; cumber of dlectrons = Z 

number of nucleons = A ; number of neutrons = (A - 7X) 

A Nuclide is a specific nucleus of an atom, which is characterised by its atomic number Z, and m 
number A. It is also called nuclear species. 

oe Terese 2X" where X is the chemical symbol of the species. For example, a gold nucleus is 
represented by qoAu'”’. It contains 79 protons and 197 — 79 = 118 neutrons. 

More about Proton and Neutron 


Proton 
Proton is a constituent particle of atomic nucleus. It carries unit positive charg 


sent inside the atomic 


ass 


e=16*x 10-!9 C and 


(h/2 T), 


es ed 


amass equal to 1-6729 x 10-27 kg = 1-007825 u. It has spin or intrinsic, angular momentum = 


where h is Planck’s constant. 

Proton is the lightest baryon with a magnetic moment of 2:79 nuclear magneton. Number of protons 
ina nucleus gives us atomic number of the nucleus. 

Neutron 

A neutron is a constituent particle of atomic nucleus. It carries no charge, and has a mass 
= 1.6743 x 10-27 kg = 1-008665 u, which is slightly more than the mass of a proton. 

Inside the nucleus, a neutron is a stable particle. However, outside the nucleus, a neutron is unstable 
having a mean life time of 1000 s. It decays into a proton, an electron and antineutrino. 


ott — H+ e+ v 


| . 
Neutron has a spin (intrinsic angular momentum) equal to “ (h/2 ™), where h is Planck’s constant. 


Magnetic moment of a neutron is — 1-91 nuclear magneton. Neutron has low ionising power. 

As aneutron carries no charge, it is neither attracted nor repelled by the nucleus. Therefore, a neutron 
has a large penetrating power. 

A fast moving neutron can be slowed down by certain materials like ordinary water, graphite, heavy 
Water. These materials are called moderators. Slow neutrons, which are in thermal equilibrium with the 
Molecules of the moderator are called Thermal Neutrons. Their energy is of the order of 0-025 eV. Thermal 
neutrons are most suitable for causing nuclear fission. 


‘4. NUCLEAR SIZE 


Experimental measurements show that volume of a nucleus is proportional to its mass number A. If 


Rj ‘ . 4 
'S the radius of the nucleus assumed to be spherical®, then its volume | = sn RB |<A 


or 2h or [R=RAM | (1) 


where Ro is an empirical constant whose value is found to be 1-2 x 107!5 m. 
ASA is different for different elements, therefore, atomic nuclei of different elements have different sizes 


— 


*Though most of the nuclides are spherical, some of them are ellipsoidal, too. 
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8(b).5. NUCLEAR DENSITY 


| Density of nuclear matter is the ratio of mass of nucleus and its volume. | 


If m is average mass of a nucleon and R is the nuclear radius, then, BEST 
mass of nucleus = mA, where A is the mass number of the element. De honed |D) O 


Volume of nucleus = ork = 51 R Alls)? => A betta O.uU 
m KNOW ? 


: massof nucleus | ,_— 
As density of nuclear matter = Sinan atte Pix iA . Volume of a nucleus is directly 
3 MRA proportional to mass number A of 
the nucleus. The volume does not 
oe 3m , depend upon separate number of 
Thus, An R3 ---(2) protons and neutrons. 


As m and Rp are constants, therefore density p of nuclear matter is the same for all nuclei. 
Using m= 1-66 x 1072’ kg, 
Ry = 1-2 x 1075 m 
3x1-66x10~27 *° 
4x 314(1-2x10-) 
which is very large as compared to density of ordinary matter. For example, for water, p =~ 10° kg/m? 
and for air, p = 1-293 kg/m3. Hence matter in the nucleus is very densely packed. 


we get, p= = 2:29 x 10!” kg/m’, 


icuy'\i"9) Note that sizes of nuclei are different, the heavier nuclei being bigger than the lighter 
ones. But density of nuclear matter is same for all nuclei. Value of nuclear density is far 
\)="Te):a@ more greater than the atomic density. 


IMPORTANT NOTE 
High energy electron scattering experiments have established that distribution of matter inside the nucleus 
is not uniform. Density of atomic nucleus is maximum at the centre and it decreases as we move outwards 


from the centre of the nucleus. 


sample\Probiem|§l what are the numbers of protons and neutrous in the nucleus of a Ufa 
Sol. Here yx = 92 
Number of protons =Z = 92 


Number of neutrons = (A — Z) = 238 — 92 = 146 


Sample|Problem/P] Obtain approximately the ratio of nuclear radii of »,Fe°° and nse, 
What is the approximate ratio of their nuclear densities ? 


Sol. Here, A, = 56, Az = 238 


1/3 1/3 
Re tA 
esl OE isa = (0-235)! = 0-617 
238 


p 
| As nuclear density is same for all nuclei, therefore, 5 =1 , 
| 2 
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For example, |H!', |H’, ,HP are the isotopes of hydrogen He}, ’ 
4 sHe® are the isotopes of helium. clo cll 12 13 a 14 Isotope is 4 Greek word, which 
6O COs C4 6 means same place. All isotopes of 
an element occupy the same place 
in Periodic Table of elements. This 
is because their atomic number (Z) 


otopes of an element are the atoms of the oA INETTIN 
same atomic number (Z) but different mass 


| Is 
have the 
number (A). : 


He 
gre the jsotopes of carbon. 


As isotopes of an element have the same atomic number, the 
ain same number of protons and same number of penis Bit 


cont 
gs their atomic weights are different, they contain dj rg 
‘ Ufferen is same. 
of neutrons. ifferent number 
properties, however, differ. 


Jsotopes of an element have identical chemical properties. Their physical 
ative abund 
the weighted average of t 
xample, neon has two i 


ance of different isotopes 
he masses of 


sotopes of 


All the known elements have one or more isotopes. The rel 
differs from element to element. The atomic weight of an element is 
all its isotopes based on the occurrence of each isotope in nature. For ¢ 
masses 20 and 22 which occur in the ratio, 9 : 1. 
20x9+22x1 180+22 
ae = = 20-2 

(9+1) 10 
er, as it represents the number of nucleons in the nucleus. 


:, Average atomic weight of neon = 


On the contrary, mass number A is always an integ: 


8(b).7. BORE oss eek th 0 nin a 
| Isobars are the atoms of different elements which have the same mass number (A), but different | 
| 


atomic numbers (Z). 
} 
Isobars contain different number of protons, different number of electrons and also different number 


of neutrons, Only the total number of nucleons in them is the same. 
For example, Na? and ioNe* are isobars. Similarly, pGa and 1g i Aoarescahatstandaeeen 
; 17 ? 


15°! are also isobars. 
Similarly, ,#13 and He? are isobars. Also, gC" and 7N '* are isobars. 
The chemical properties of isobars are widely different. Their physical properties may be identical 


The nas 
€ isobars occupy different places in the periodic table. 


Tia same number of neutrons tein their ease, | 
ber (Z) and mass number (A) are different. Ir case, 


Is 
. Nee are the nuclides which contai 
~Z) = Nis the same. Their atomic num 


For . —" 
example, ,7CI37 and ,9K°? are isotones. This is because number of neutrons in chlorine = 37 — 17 


+20 
Songer of neutrons in potassium = 39 — 19 = 20. 
arly, ,H? and ,He* are isotones. Also, ,0!° and 6C'* are isotones. 


So 
me other examples of isotones are - 
. 4Be? and ;B!° ; «Ci? and yates 
_ \Sampie'Prob Ad GS, : 
Ple Problem Choose one pair of isotopes, isobars and isotones of the followin 
g: 


1gAr4 . 

Sol, (i) 70K ; yyNa®? 5 CP? 5 Me” ; ca? 

it) 1) Cl?” and Fels are isotopes with same Z = 17 and different A = 37 & 35 
igAr”? and op care are isobars with same A = 40 and different Z = 18 & 20 


Be) | Na23 
mi Na and ,,Mg”4 are isotones with same number of neutrons = (A — Z) = 12 


Na and }»Mg”. 
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8(b).9. MASS-ENERGY RELATION 


Einstein was the first to establish the equivalence of mass and 
energy through the famous relation 
aa 
. bl 

where c =3 x 10° m/s = speed of light in vacuum. 

The relation means that when a certain mass m disappears, an 
equivalent amount of energy E appears and vice-versa. The relation E = mc? applies 

The mass of a particle measured in a frame of reference in equally to chemical reactions. But 
which the particle is at rest is called its rest mass, usually denoted the magnitude of mass defect in 
by mo, The rest mass energy of particle would be mp c”, which is the chemical reactions is about 
enormously large on account of large value of c. If T is kinetic energy million times smaller than that in 


of the particle, then its total energy onanaaiae Therefore, it is 


[ E = mc? = rest mass energy + K.E. = mo ct +T ...(3) 


Here, m is called effective mass of the particle, when it is moving. Clearly, m > mp. 
From eqn. (3), T = mc? - Mo c=(m- Mo) 2 


T=) 2) 


Thus K.E. of a particle = change in mass of particle x (speed of light in vacuum)”. 

In nuclear and elementary particle interactions, both the conversion of mass into energy and the 
conversion of energy into mass take place. Therefore, the two classical laws of conservation of mass and 
conservation of energy have been unified into one law-the law of conservation of mass energy. According 
to this law, the sum of the mass-energy of a system of particles is the same, before and after an interaction. 


This law of conservation of mass energy has been verified in all nuclear reactions. 


_E= me 


Sampic Probiem Express 150 microgram mass into equivalent energy in electron volt. 
Sol. Here, m= 150 microgram = 150 x 10° g = 150 x 10°? kg, E=? 
From E = mc? = (150 x 107) (3 x 108)? = 1-35 x 1019 J 
p= 135 10/0 
1.6x107!9 
8(b).10. NUCLEAR BINDING ENERGY 


eV = 0-843 x 1079 eV 


(a) Concept of binding energy 

An atomic nucleus is a stable structure. Therefore, nucleons in every nucleus are bound together with 
short range interacting forces, called nuclear forces. A definite amount of work has to be done to separate 
the nucleons from the nucleus to such a distance that there is no interaction between them. This work done 
is a measure of binding energy of the nucleus. Thus, 


Binding energy of a nucleus is the energy with which nucleons are bound in the nucleus. It is 
measured by the work required to be done to separate the nucleons an infinite distance apart 
from the nucleus, so that they may not interact with each other. 


The origin of nuclear binding energy has been explained on the basis of Einstein’s theory of mass 
energy equivalence. It is found that rest mass of a nucleus is always slightly less than the sum of the rest 
masses of free neutrons and protons composing the nucleus. This is as if certain mass disappears in the 
formation of the nucleus. This difference between the sum of the masses of neutrons and protons forming 
a nucleus and mass of the nucleus is called mass defect. It is this mass defect which appears in the form 
of binding energy, responsible for binding the nucleons together in the nucleus. 


8/47 
ion for Nuclear Bindi i eae 
(b) Expression I é Inding EF nergy 
“A ain hh ¢ 
[na nucleus 7X", Z = charge number = number of protons. 


A = mass number = number of protons plus the number of neutrons 
. umber of neutrons = (A -Z) 
Let m,, = mass of a proton, 
m,, = mass of a neturon 
my = mass of nucleus, , X4 


Mass defect, Am= [Zp + (A = Z) my~ my ie” 


Using Einstein’s mass energy equivalence, Binding Energy = Am.c* 
B.E. = [Zm, +(A-Z) m,— my) c2 
where c is velocity of light in vacuum. 


«(4) 


If mis the mass of the atom 7 X A containing Z electrons each of mass m,, then we can write 
B.E. of electrons 
ree att LEY 


2 


m(,X4)=my (_X4)+2Zm, - 
Cc 


For hydrogen atom of mass m;, containing one electron, we can write 

+m, - B.E. of one electron ...(6) 
P ce 
Now, the binding energy of electrons is much smaller ~ eV to keV, as compared to the rest mass energy 


ofa nucleon ~ 102 MeV, therefore, we can safely ignore in (5) and (6), the terms involving binding energy 
of electrons. 


my =m 


.. Eqns. (5) and (6) reduce to m(, eg ) = My (, Hes )+ Zm, ss?) 
and my =m, +m, ..-(8) 
Rewriting eqn. (4), as BE. = [Zm, + Zm, + (A-Z) m, — my— Zm,] ct 


B.E. = [Z (m, + m,) + (A— Z) m, — (my + Zm,)] c? 


Using (7) and (8), we get | BE. = [2my + (A - Z) m, — m (7X")] c? (9) 


This is the required expression for B.E. 
(c) Average Binding Energy per nucleon of a nucleus 
a tis the average energy we have to spend to remove a nucleon from the nucleus to infinite distance. It 
Siven by total binding energy divided by the mass number of the nucleus. 
te variation of average B.E. per nucleon with mass number A is shown in Fig. 8(b).1. This curve 
S the following facts : 
l. Average B.E/nucleon for light nuclei like ;H!, ,H?, ,H?, is small. 
(cl2 a mass numbers ranging from 2 to 20, there are sharply defined peaks corresponding to ,He* 
ni The peaks indicate that these nuclei are relatively more stable than the other nuclei in their. 
3. Th : F 
bing, (2€ B.E. curve has a broad maximum in the range A = 30 to A = 120 correspodin 
: : to 
8 energy per nucleon = 8-5 MeV. The peak value of the maximum is 8-8 MeV/N for Fes SV eTAgR 
the mass number increases, the B.E /nucleon decreases gradually fallin 
? EI : g to about 7-6 
fo 92U38. The decrease may be due to Coulomb repulsion between the protons. The oe per 
TS, Telatively less stable. y nuclei 
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(d) Importance of Binding Energy Curve 

(i) When we move from the heavy nuclei region to the middle region of the plot, we find that there will 
be a gain in the overall binding energy and hence release of energy. This indicates that energy can be 
released when a heavy nucleus (A ~ 240 ) breaks into two roughly equal fragments. This process is called 
Nuclear Fission. 

(ii) Similarly, when we move from lighter nuclei to heavier nuclei, we again find that there will be 
gain in the overall binding energy and hence release of energy. This indicates that energy can be released 
when two or more lighter nuclei fuse together to form a heavy nucleus. This process is called Nuclear 
Fusion. 

Hence, the importance of binding energy curve is that it led us to the possibility of release of nuclear 
energy by nuclear fission and nuclear fusion. These phenomena of nuclear fission and nuclear fusion were 
actually discovered later. 


RETAIN When mass defect (A m) is in a.m.u., energy released in MeV can be calculated iE 


—_ IN by multiplying mass defect with 931 (MeV). There is no need to apply ; E=(A 
MEMORY y plying | pply ; (A m) 


Sample Probiem Calculate mass defect, binding energy 
and binding energy per nucleon for a lithium nucleus (,Li’) taking / 
its mass = 7:000000 a.m.u., Mass of proton = 1-007825 a.m.u. and Stes 
mass of neutron = 1-008665 a.m.u. Take 1 a.m.u = 931:5 MeV. 


Sol. Here in A ibs number of protons = 3, 
number of neutrons = 7 — 3 = 4 
“. mass defect, Am = 3m, +4m,—-M 


The binding energy does not reside 


in the nucleus. It is a measure of 
A m = 3 x 1-007825 + 4 x 1-008665 — 7000000 how well the nucleons are held 


= 7-058135 — 7:000000 = 0:058135 amu together in the nucleus. Infact, 


Total BE = 0-058135 x 931-5 MeV = 54-153 MeV binding energy is the total energy 
54.153 that has to be transferred to the 
BE/nucleon = ara = 7-736 MeV/N nucleons to move them to infinite 


separations from the nucleus. 


8(b).11. PACKING FRACTION 


Packing fraction of a nucleus is defined as the mass excess per nucleon. 


own DES 97 
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Mass excess is the difference between the mass of a nucleus and mass number of the nucleus. Thus, 
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, 7: Mass excess ae 
Packing fraction = Me i ed = M-A 
Mass number 


FIGURE 8(b).2 
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From the graph, we find that 
(i) for A = 16, packing fraction is zero. 
(ii) for very light nuclei (A < 16), packing fraction is large. Therefore, they are unstable. 


(iii) As A increases beyond A = 16, packing fraction becomes negative, decreases with increasing mass 
number. Beyond certain value of mass number, packing fraction starts increasing till it becomes zero. At 
about A > 240, packing fraction becomes large. Thus heavy nuclei are unstable. 


Clearly, nuclei of intermediate mass numbers are relatively stable. 
8(b).12. NUCLEAR FORCES 

We know that the force that determines the motion of atomic electrons is the Coulomb force of attraction 
between electrons and the nucleus. In the previous article, we noted that for nuclei of average mass, binding 
energy per nucleon is about 8 MeV, which is pretty large. Therefore, to bind a nucleus, there must be very 


strong attractive forces. Such forces must overcome repulsion between positively charged protons in the 
nucleus ; and bind both protons and neutrons into tiny nuclear volume (= 10-45 m3). These forces are called 


nuclear forces. 


A 
where M is the actual weight of a nuclide (on the physical 
atomic weight scale) and A is the mass number, While A is | 5 20 
a whole number, M is not necessarily so. | S 
The variation of packing fraction with mass number | Me 1 | 
(A) is shown in Fig. 8(b).2. | s ‘ 
Infact, packing fraction measures the stability of a & | 
nucleus. Smaller the packing fraction, larger is the stability ~10 
of the nucleus. i | 


— —-» Mass Number (A) 


Nuclear forces are the strong forces of attraction which hold together the nucleons (neutrons 
and protons) in the tiny nucleus of an atom, inspite of strong electrostatic forces of repulsion 


between protons. 


These forces are very complex in nature. Some of the important characteristics of these forces are: 
1. Nuclear forces act between a pair of neutrons, a pair of protons and also between a neutron, proton 
Pai, With the same strength. This shows that nuclear forces are independent of charge. 
2. Nuclear forces are the strongest forces in nature. The magnitude of nuclear forces is 100 times 
of electrostatic forces and 1038 times that of gravitational forces between nucleons, That is why nucleons 
are held together in a nucleus inspite of electrostatic force of repulsion between protons. 
few 3. The nuclear forces are very short range forces. Théy are operative upto distances of the order of a 
fermi, i.e., they operate only within the nucleus. 
4. The variation of nuclear forces with the distance between nucleons is not known exactly. However, 
from Fig. 8(b).3, we observe that 
(1) Nuclear forces are negligible, when distance between nucleons is more than 10 fermi. 
tiftinoc When nucleons are brought closer, nuclear force of attraction develops which goes on increasing 
Y with decreasing distance. However nuclear forces do not obey inverse square law. 
“te When distance between nucleons becomes less than 0-8 fermi, the nuclear forces become strongly 
‘ve, 


).4 shows a rough plot of potential energy between a pair of nucleons with distance (r) between 


er 
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) The potential energy is minimum at a distance ry = 0-8 fm. At 
this distance, force between nucleons is zero. For distances larger 
than 0-8 fm, netative PE. goes on decreasing. The nuclear forces 
are attractive. For distances less than 0-8 fm ; negative P.E. 
decreases to zero and then becomes positive. The nuclear forces 
are repulsive. Figs 8(b).3 and 8(b).4 are compatible. 

5. The nuclear forces show saturation properties i.e. each 
nucleon interacts with its immediate neighbours only, rather than 
with all the other nucleons in the nucleus. 

6. Nuclear forces are non central forces. This shows that the 
distribution of nucleons in a nucleus is not spherically symmetric. 

7. Nuclear forces are dependent on spin or angular 

momentum of nucleons. Force between nucleons having parallel 
i spins is greater than the force between nucleons having antiparallel 
spins. 

i 8. Nuclear forces are due to exchange of ™ mesons between 


i the nucleons, as detailed in Art. 8(b).13. That is why they are called 
| Exchange Forces. 


square law. 
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8(b).13. NATURE OF NUCLEAR FORCES 


A Japanese Physicist Yukawa postulated in the year 1936 that 
nuclear forces between nucleons arise on account of continuous 
exchange of particles called mesons between the nucleons. Later on, 
these particles were detected experimentally. They were found to have 
a mass about 270 times the mass of an electron. Three types of mesons 
were detected. Mesons carrying no charge were called neutral pi meson 
(n°). Mesons carrying unit positive charge each were called positive 1 
meson (1*) and mesons carrying unit negative charge each were called 
negative 7 meson (1). 

According to meson theory or Yukawa theory of nuclear forces, 

(i) All nucleons consist of identical cores surrounded by a 
pulsating cloud of m meson. 

(ii) Mesons or pions may be neutral (1°) or carry either charge 
(x* or 1). 

(iii) The difference between a proton and a neutron is essentially 
in the composition of their respective meson clouds. 

(iv) The force between neutron and proton is due to exchange of 
charged meson between them, i.e., pt + ™ = n° 


n° + nt = pt 


n° — > p++ and 


p— p+ or 
n— n' +7 or n+ 


meson (n°) between them, i.e., 


0 
and 
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IN of charge, are short range ; non central, non conservative forces and not obeying inverse 
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KNOW 72 
The present view is that the nuclear 
force that binds protons and 
neutrons in the nucleus is not a 
fundamental force of nature. 
Rather, nuclear force is a 
secondary effect of the strong force 
that binds quarks together to form 
neutrons and protons. Infact, when 
protons and neutrons are subjected 
to collisions at energies of many 
GeV (= 10? eV), their behaviour 
is explained by assuming that 
neutrons and protons are made up 
of quarks. Like electrons, quarks 
are thought to be indivisible. 


| 


Thus proton and neutron continuously exchange their nature by absorbing and emitting m mesons. Thus 
pt —> n° + xt 

(v) The forces between a pair of neutrons or a pair of protons are the result of the exchange of neutral 
p+n°—>p’ 

— rn’ 
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z 
In both the cases, a proton or a neutron is converted into a new state after emitting or absorbing the 7 meson. 
! 
E 


Thus exchange of t meson between nucleons keeps the nucleons bound together. It is responsible for 


the nuclear forces. 


g(b).14. NUCLEAR STABILITY 
ee al a laky, es 


Atomic nucleus consists of a closely packed collection of protons and neutrons. The very large repulsive 
stay together 


electric forces between protons should cause the nucleus to fly apart. Nucleons are able to 
nuclear 


despite the repulsive electric force between protons, because of a much stronger force, called the 
It is the attractive force that acts between all nucleons in the nucleus and this force is much stronger 


force. 
than the Coulomb repulsive force between protons. 


There are 103 different elements including the , 
transuranic elements. Z = 1 is hydrogen and Z=| 140 
103 is Lawrencium. All these elements have isotopes 
and as such there are 2500 different nuclides. Out | | a0 
of these, 280 are stable and the rest are unstable. | = 100 
Nuclear stability depends on many factors. For | 
example : 

(i) The stability of a nucleus is determined by | 
the value of its binding energy per nucleon. Higher | 
the B.E/nucleon, more stable is the nucleus. 


' 
| 
~~ FIGURE 8(b).5 


Number of Neutrons 
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(ii) The stability of a nucleus is also determined | 10 “ 
by its neutron to proton ratio. A plot of neutron | %—40.20.30 40 50 60 70 80 90 


Number of Protons (Z) ===> 


number (NV) and proton number (atomic number Z) 


for stable nuclides is shown in Fig. 8(b).5. The solid Fe 
line in the plot shows the locations of nuclei that have an equal number of protons and neutrons (N = Z). 


Note that only light nuclei are on this line i.e. light nuclei are stable only if they contain about the same 
number of protons and neutrons. Heavy nuclei, on the other hand, are stable only when they have more 
neutrons than protons. Thus, heavy nuclei are neutron rich compared to lighter nuclei. This is as if neutrons 
help to stabilize a nucleus. This is easily understood. More is the number of protons in the nucleus, greater 
is the electrical repulsive force between them. Therefore, more neutrons are needed to provide the strong 
attractive forces necessary to keep the nucleus stable. The long narrow region in Fig. 8(b).5, which contains 
the cluster of short lines representing stable nuclei is referred to as the valley of stability. 

(iii) The stability of a nuclide is also determined by the consideration whether it contains an even or 
odd number of protons and neutrons. A detailed study shows that stable nuclei often contain even number 


of protons or neutrons or both as listed in Table 8(b).1. 


Even/odd Number of protons and neutrons in stable nuclei 


Number of stable nuclei Number of protons (Z) Number of neutrons (N) 
165 


57 


The stability of a nuclide is intimately connected to the relative number of neutrons 
and protons in that nuclide. For small nuclei to be stable, the number of protons mus 
be roughly equal to number of neutrons. However, when number of protons increases, 
more neutrons are needed to maintain stability. 
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8(b).1 15. RADIOACTIVITY 


| | Natural radioactivity is a spontaneous and self disruptive activity exhibited by a number of heavy 
elements occuring in nature. The word spontaneous means shear out of nature of the element and self 
disruptive means that the element disintegrates itself, i.e., no external provocation influences the emission*, 


i | Radioac tivity is, therefore, the property by virtue of which a heavy element disintegrates itself | 
H | without being forced by any external agent to do so. 


tt ee 


ee | 


/ The phenomenon was discovered by a French Physicist, Henry Becquerel in 1896. He observed that 
uranium salts possessed a peculiar property of affecting a photographic plate even when the plate was ina 
light proof package. This he thought, must be due to certain active radiations emitted by uranium salts. 
These radiations were called Becquerel rays. The phenomenon of emission of active radiations by an 
element was termed radioactivity. The element exhibiting this property was called Sree element. 


| The total number of radioactive elements known at present is about J)” 
I 40. For instance, natural elements with atomic number greater than 82 ~ _D O 


are all radioactive. Their nuclei are thus Unstable nuclei. Some examples _ 
are Radium, Thorium, Actinium, Polonium etc. es 266 
Effect of physical conditions K N Ow > 
The experimental evidence reveals that the phenomenon of 
radioactivity, is not at all affected by the imposed conditions of | The total number of isotopes of 
temperature, pressure, chemical combination etc. Therefore, electrons all elements exceeds 2500 and 
orbiting the nucleus were not responsible for radioactivity. Hence, the ™ost of them are radioactive 
radioactivity must be property of heavy nuclei only. leaving only about 10% of known 


Cause of Radioactivity isotopes, which are stable. 

Emission of active radiations indicates that parent nucleus is unstable. We notice from the binding 
energy curve [Fig. 8(b).3] that BE/nucleon goes on decreasing, though slowly, for nuclei beyond A > 140. 
This indicates that stability decreases as we move towards heavier nuclei. The heavy nuclei have larger 
atomic number Z and hence contain larger number of protons. The mutual repulsion of protons reduces the 
binding effect of nuclear forces. This is the main cause of relative instability of heavy nuclei. Radioactivity 
results from this instability. 


8(b).16. THREE TYPES OF RADIATIONS 


Experimental investigations by Rutherford and others have proved that the radiations emitted by 
radioactive elements consist of three kinds, depending .upon their ability to penetrate matter. One kind of 
radiations with. least penetrating power (i.e. the one which would stop first) was named Alpha rays. 


The other kind with a comparatively larger penetrating power was called Beta rays. 


The last kind with maximum penetrating power was called Gamma rays. It should be clearly noted 
that all the three types of radiations need not necessarily be emitted by one radioactive element. 


NATURE OF a, B, y-RAYS 

A number of attempts were made to study the nature of a, B and y-rays. One of the methods used is 
shown in Fig. 8(b).6. The sample of a radioactive element (say, radium) is placed in a small cavity drilled 
in a lead block. The lead block checks all the o, B and most of the y-rays, except those through the opening. 
The radiations coming out of the cavity are subjected to an electric field provided by two plates as shown in 
Fig. 8(b).6(a). The o-rays are deflected through smaller angles towards the negative plate. The B-rays 
are deflected through larger angles towards the positive plate. The y-rays remain undeflected. As opposite 
charges attract each other, it was concluded that o-rays consist of a stream of positively charged particles, 
whereas B-rays consist of a stream of negatively charged particles. Since y-rays were undeflected they could 
be waves or uncharged particles. Further analysis failed to detect any charge on Y rays and showed that they 


ll a a i ea aL anne PSS: PMY T YP yc e eT 
*Also, the emission cannot be controlled by physical or chemical means. 
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nave 10 mass. y-rays, therefore, were thought to | FIGURE 8(b).6 

be waves. Exactly same results were obtained | Magnetic 

when these radiations were subjected to the action Electric Field Field 


of a magnetic field, [Fig. 8(b).6(b)]. | 
Some of the important properties of the | 
three types of radiations (, } and y-rays) are | 

i d below : 
discussed belo | 
| 


ec FE ei 
=< 
+++++ 


o-Rays | | 6 

1, An a-particle carries double the positive 
charge of proton, which is equal to the 
charge on the helium nucleus. 

2, Mass of an G-particle is roughly four times 
that of hydrogen atom i.e. it is equal to the 
mass of the helium nucleus. 

The above two properties establish that an a-particle is equivalent to helium nuc 
atom which has lost its two orbital electrons i.e. a doubly ionised helium atom). 

3. The velocity of «particles ranges between 1-4 x 107 ms“! to 2-1 x 107 ms-!, depending upon the 
source emitting it. 

4, Because of large mass, the penetrating power of a-particles is very small, it being 1/100 time that due 
to B-rays and 1/10,000 time that due to y-rays. o.-particles can be easily stopped by an aluminium foil 
only 0-02 mm thick. Air of thickness 7-0 cm absorbs them completely. 

5. Because of large mass and large velocity, o-particles have large ionising power. Each a-particle 
produces about 20000 ion pairs before being absorbed. 

6. The range of a-particles in air (distance through which they can travel in air) depends upon the 
radioactive source producing it. At normal pressure in air, the range of a-particles varies from 3 to 
8 cm. 

7. a-particles produce fluorescence in certain substances, like barium-plantinocyanide and zinc- sulphide. 

8. o-particles affect photographic plate slightly. 

9. o-particles are deflected by electric and magnetic fields. 

10. a-particles are scattered while passing through thin metal foils. Most of the a-particles are scattered 
at small angles, but a few of them are scattered at an angle more than 90° also. 


11. o-particles cause burns on human body. 
12. o-particles on being stopped, produce heating effect. 


1. A B-particle carries 1-6 x 10-19 C of negative charge, i.e. unit negative charge, which is the charge on 
an electron. 

2. The rest mass of f-particle is 9-1 x 10-7! kg, which is the same as that of electron. 
3. The velocity of B-particles ranges from 33% to 99% of the velocity of light. 
The above properties establish that B particles are fast-moving electrons. 
Because of small mass, the i f B-particles i 1 : 

, the penetrating power of B-particles is very large. They can easily pass thr 
“ae millimeter of aluminium. ough 
© B-particles ionise the gas through which they pass, but their ionising power is only 1/ 

™ of o-particles. y 1/100th that 
~ The range of B-particles in air is several metres. 


yi is i . 
The B-particles can also produce flourescence 1n certain substances like barium platinocyanid, 
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8. They affect a photographic plate. 
9. They are deflected by electric and magnetic fields, showing that they carry negative charge. 


RETAIN Bic that an alpha particle is a doubly ionised helium atom or a helium nucleus. And a 
IN beta particle is a fast moving electron from the nucleus. 


MEMORY 


I, y-rays are not deflected by electric and magnetic fields, showing that they do not carry any charge. 

2. The rest mass of a y-ray photon is zero. 

3. y-rays travel with the speed of light. 

4. y-rays are electromagnetic waves like X-rays. The wavelength of y-ray photon is smaller than that of 
X-rays in electromagnetic spectrum. 

5. y-rays have very large penetrating power. They can pass through several centimetre of iron and lead. 

6. y-rays have got small ionising power. 

7. ¥-rays can produce fluorescence in a substance like willimite. 

8. y-rays affect a photographic plate more than B-particles. 

9. y-rays can knock out electrons from the surface of a metal, on which they may fall. 

Q. y-rays can cause nuclear reactions. 


NOTE: Ionizing Power and Penetrating Power 

As is known, an ion is an atom with an overall charge. Charge is positive when some electrons are 
removed from a neutral atom and charge is negative, when some electrons are added to a neutral atom. 

Alpha particles are moving slowly. They have time to interact with nearly all atoms in their path. The 
positive charge on alpha particles attracts electrons from atoms in their path and ionise them, losing energy 
quickly. Thus, o-particles have high ionizing power but poor penetrating power. . 

Beta particles are repelled by electrons in atoms. This repulsion causes B-particles to bounce between 
the atoms. Collisions with atoms may cause ionization of some of the atoms. Therefore, B particles lose 
energy slowly. Their penetrating power is higher than that of alpha, but ionizing power is smaller than that 
of alpha particles. 

y-rays have no charge. Therefore, their collisions occur only when a nucleus or electron is directly in 
their path. This is much less likely to happen because of large empty space in an atom. Therefore, gamma 
rays have very low ionizing power, and very high penetrating power. 


8(b).17. LAWS OF RADIOACTIVE DISINTEGRATION 


Soddy and Rutherford, from their experimental study regarding the radioactive disintegration formulated 
the following laws, known as laws of radioactive disintegration : 

1. Radioactivity is a spontaneous process which does not depend upon external factors like temperature, 
pressure etc. i.e. a radioactive element is in a state of disintegration which depends upon law of chance. I 
means it is impossible to predict which particular atom of the radioactive element will disintegrate in 4 
given time interval. 

2. During disintegration of an atom, either an a-particle or a B-particle is emitted. Both of these 
particles are never emitted simultaneously. Also at a time, an atom will not emit more than one o-partclé 
or more than one f-particle. Y-rays emission follows the emission of & or 8 particle. 

3. The emission of a-particle from an atom will change it, into a new atom whose charge number ¥ 
reduced by two and mass number is reduced by four. 

4. The emission of a B-particle from an atom will change it, into a new atom whose charge number '° 


“TAR 
raised by one, without any change in its mass number. : 
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dioactive atoms) at 


5, The number of atoms disintegrated per second (i.e. rate of disintegration of ra 
tin the sample at 


any instant is directly proportional to the number of radioactive atoms actually presen 
that instant. This is also known as radioactive decay law. 
Thus greater the number of atoms present in a sample of an element, faster will be its decay and vice-versa. 
Mathematical Form of Radioactive Decay Law 
Let No = total number of atoms present originally in a sample at time ¢ = 0. 
(t = 0 refers to the time when the radioactive element is freshly separated from its 
N = total number of atoms left undecayed in the sample at time ¢ 
dN = a small number of atoms that disintegrate in a small interval of time dt 


+, Rate of disintegration of the element 


by-products). 


decreases with time) 


| 
| oe i _ (minus sign indicates that the number of atoms left undecayed 
According to radioactive decay Law, —- Qs N AR =- < =XN | ...(11) 
dt t 
tant or the decay constant. 


where A is a constant of proportionality and is called the disintegration cons 


: dN 
Equation (11) can be written as ne =— dt 


: . dN 
Integrating both sides, we get, | <-=— Jar or log, N=-At+C w=o(12) 
where C is a constant of integration. 
At t=0,N=No | coy FIGURE 8(b).7 
‘. From (12), log, Ny=Ax0+C | i 6 
or C = log, No .-(13) | S 
Put in (12), log, N=- At + log, No .s 
—l 
N hte 
log, N—log, Ng =- A? or CS ey ws | E Nol2 
0 < 
| © No/4 | 
pia ok ger (14) | SNo/8 
N O 


5 oon Jy pte p x 
Time (t) eb» 


0 
Equation (14) shows that the radioactiv 
exponential as shown in Fig. 8(b).7. 
From Fig, 8(b).7, we find that N = 0 only at ¢ = ». This is also clear from eqn. (14). 


e decay is 


| 


payne, $One milligram sample of 9,U*** contains 2-5 x 10'8 atoms, which have 

| existed without decaying since they were created — well before the formation 
of our solar system. During any given one second, only 12 of these nuclei 
© in our sample will decay by emitting an alpha particle. And, there is 
- absolutely no way to predict whether any particular nucleus in the sample 
iP a wil! decay in the next second. All nuclei in the sample have the same 
=~ probability/chance of decay. 


8(b).18, DISINTEGRATION CONSTANT 
x : : N N 
_ Ubstituting ; 2. in (14), we get, N= Nye" =Ngeit = —> = >t 
¢€ 
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Thus, the disintegration constant of a radioactive element is the reciprocal of time at the end | 


Te 
of which, the number of atoms left undecayed in a radioactive sample reduces to (;] time or | 
e 


368% the original number of atoms (Ng) in the sample. i 


Units of decay constant i are s! or min“! or day~! or year. 

Significance of Decay Constant 

The decay constant of a radioactive element determines the rate of decay of the radioactive element, 
When 2 is small, the radioactive substance decays slowly. When value of A is large, the radioactive substance 
will decay rapidly. 
8(b).19. HALF LIFE OF RADIOACTIVE ELEMENT 


AP ES EC TEE So RRA ER lhe wh reo old 
Half life of a radioactive element is defined as the time during which half the number of | 
atoms present initially in the sample of the element decay or it is the time during which 
number of atoms left undecayed in the sample is half the total number of atoms present 
initially in the sample. It is represented by T. 


Expression for Half Life 
When t=T,N=N,/2 


N 1 
From (14), = Nye? or 5 ser ie Datel 


Taking log of both sides, we get, 
VT log, e = log, 2 = 2-3026 log, 2 @ 
AT x 1 = 2-3026 x 0:3010 = 0-6931 h i @' wf. 
T= 0-6931 The half lives of radioactive 


sa «(15) species show an enormous range 


: ane i ane ; of variation. Th 
Thus half life of a radioactive substance is inversely proportional  , ane on ee e m0 


to the decay constant of the substance. years, estimated age of the 

Significance of Half Life universe. The radioactive elements 

Half Life of a radioactive substance measures the time for which whose half life is short compared 
the substance lasts for one half of its total number of atoms. If decay to the age of the universe are not 
constant of radioactive substance is large, its half life is small, and vice- found in observable quantities in 
versa. nature today. They have been 

Table 8(b).2 below lists the half lives of some important radioactive Adentified either in astronomical 
substances. Note that half life of a radioactive substance is not affected oe VO ae ite: nuvhem 
by the change in temperature and change in pressure etc. is ont dieSe My ipiern int 


HALF LIFE 


Uranium 9, 4-5 x 10° yrs. 
8-0 x 104 yrs. 
Radium ggRa?6 1620 yrs. 
Radon g¢Rn?22 3-82 days 
Polonium g,Po7!0 138-3 days 


Thorium ojTh?34 24-1 days 
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sample Problem Find the half life of y238, if one gram of it emits 1-24 x 104 o-particles per 
second. Avogadro’s Number = 6-025 x 1023, 


Sol. Here, atomic wt. of uranium = 238 
Avogadro’s number = 6-025 x 1023 


Rate of disintegration, = 1:24 x 104 
t 


‘ 23 
No. of atoms of U?38 in 1 gram N = 6-025 x 10" 
238 
ioacti 7 025x107? 
According to radioactive decay law, aN, =AN or 124x104 =A. 6 
dt 238 
j= £24x104 x 238 
6-025 x 1023 
19 
; 0-6931 _ 0-6931x6:025x1073__ _——_(0-6931x 6-025 x10 years 
As half lite, T= = a3exiaaxlot 238xF24x 60x 60x 24x 365 
= 4-259 x 10! years 
RETAIN 1. As discussed above, int= 7, N= No/2 
mt life, (ie. after 2 half lives) jx apere aeal Mag iss 
MEMORY In another half life, (ze. after 2 ha § aS re ol 5 


1 n 1 t/T 
and so on. Hence, after n half lives, N= No 3] = No G] 


where t=nxT= total time of n half lives. 


.--(16) 
or 


2. Some radioactive elements like tritium and plutonium have very small half life. 
, So these elements have decayed long ago. Hence these elements are not found in 
oO 


tu Howeve they can be pr oduced arti 1 ially by means of nuclear reactions. 
nature. I, f Cc 
3 A : = —(E,-E)/ kI 

. Number of atoms in excited state, N = No e Xx 


here E, is energy of atom in ground state, and EF, is energy of atom in excited state. 
where Eg 


[Sample'Problem §l) The half-life of Radon is 3-8 days. Calculate how much of 15 milligram 
of Radon will remain after 38 days- 
Sol. Here, T= 3-8 days, t = 38 days, No 


‘ = 38 =10 
No. of half lives in 38 days 1s "~ 3.8 


= 15 milligram, N = ? 


1 10 
w =15(>] = 0-014 mg 
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Sample Problem ©) Half life of Rn22" is 55-5 s. Calculate decay constant of this element, 


Sol. Here, T= 55-55, =? 


-693 0-693 
As a = 0-693 Ga x = : 
ik 55:5 


8(b).20. AVERAGE LIFE OR MEAN LIFE OF RADIOACTIVE ELEMENT 

A radioactive element undergoes spontaneous disintegration. The process of disintegration follows 
the laws of probability and continues till infinite time. There are atoms which disintegrate right in the 
beginning. Their life time or age is zero. There are other atoms which would disintegrate at the end. Their 
life time or age is obviously infinite. The life time of atoms which disintegrate inbetween, ranges from zero 
to infinity. 


= 0-0125 s~! 


Average life time of a radioactive element can, therefore, be obtained by calculating the total 


life time of all the atoms of the element and dividing it by the total number of atoms present 
intially in the sample of the element. 


Let us consider a radioactive element containing Np atoms to start with i.e. at t = 0. Let the number of 
atoms left at time t be N. Suppose a small number of atoms = dN disintegrate further in a small time dr. 
Therefore, the life time of each of these dN atoms lies between ¢ and (t + dr). If dt is taken very small, then 
the age of each of the dN atoms can be taken as t. 


.. Total age of dN atoms = t. dN 


N, 
Proceeding in this way, total life time of all the atoms in the sample of the element = [ t.dN 
.. By definition, average life time of the radioactive element, 0 
N 
fer { t.dN 
2, total life time of all the atoms j ee 17) 
total no. of atoms Ne 
From (11), dN=-XNat 
using (14), dN =—(Noe*') dt 
0 
J -ANyeMatxe * 
Substituting in (17), we get, T= Sees vl or BN j te~™ dt 


0 
0 
Note that the limits of integration have been changed in terms of time i.e. from (14), when N = 0, 
t = c and when N = No, t = 0. 
Integrating by parts, we get 


oo co 


-M At co oo ANF | 
eV “s anal nae — 1 -r = —Xt = 2 = il 
0 0 0 0 
1 
rs (18) 
1 rN ( 


Hence, average life of a radioactive element is reciprocal of the decay constant of the element. 
Relation between average life and Half Life 


From (15), Dy aces 


: — 
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’ : 
putting in (18), we get t= = 1.4 (19) 
0-693 1 Al 
ie., the ener ane life of a radioactive element is 1-44 times the half life of the element. 
probability of decay and Probability of Survival ee 
governed by 


Probability of decay or survival of a nucleus is relevant because the decay process is 


statistics. 
dN dN 
Fro It aA 


This is the probability of decay in small time dr. Over a large interval of time t, we know 


ae ceaeiemesaee 


Lia Ves Seas 
| yen 4 As Nis number of atoms left undecayed. 
FIM reeeaes nome 
therefore, this is the probability of survival. 
f= = ea J ee eral 
The probability of decay over this time interval is | ptadloes NoWN ye 


l aie 


econds. Att=0,a given sample 
average life (iii) the time 4 , 
f decays/sec in the sample at 


Sample Probiem A radioactive isotope X has a half life of 3's 
of this isotope contains 8000 atoms. Calculate (i) its decay constant (ii) 
when 1000 atoms of the isotope X remain in the sample (iv) number 0 
t=t, sec. 

Sol. Here, T= 3 s, No = 8000, 


: 0:6931 0-6931 2 1 1 
@) = _ 96931 _ 9.931sec1 (ii) t= = — iii) N= =? 
$ 5 sec ) XG ae 33s (iii) N= 1000, t) =: 

INF eid, \i 1000 (1)" 

As 1 a ———— ae mass t,=nT=3x3= 
No 5) 8000 = c os 

; dN 

(iv) ee) =2XN =0-231 x 1000 = 231 s 

dt t=h, 


8(b).21. ACTIVITY OF A RADIOACTIVE SUBSTANCE 


The activity of a radioactive substance is defined as the total rate of disintegration of the substance 


Itis represented by A. 
According to radioactive decay law, 
N=No em 


dN 
— =-AN eM=-AN 
dt 
Activity, A = Jost =N 
«oe(1) 


IFA) is activity of the substance at / = 0, then Ag = A No 


A XN = —At 


(ii) 


8 SE 
_  ————————OOVvvOOoOV3Oon 
LL 
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Clearly, both A and N decrease exponentially with time, 


Ki Ou 0-693 1 
T 


*. from (i), 


1 
Thus A« , i.é., greater the half life of the substance, smaller is 


its activity. 


Further, ——— 


Following are the three units - radioactivity in common use : 


one second. Thus 


smaller units are used : 


Thus | 1 Bq =1 decay/s 


every one second. Thus, 


Sol. Here, a t = 25 days 
Ay 32 
T=? 
As ee as 
By Ng. XK? 
As T=+ 
n 


“| _ 0:6931.N 


(®) Curie (Ci). The activity of a radio active sample is said 
to be one curie, when 3-7 x 10!" decays take place in every 


1 Ci = 3-7 x 10/9 decays/s. 


This is the approximate activity of 1 gram of radium. In practice, 


, where T is half life of the substance. 


1 millicurie (1 m Ci) = 3-7 x 107 decays/s ; 
1 microcurie (1 1 Ci) = 3-7 x 104 decays/s. 


(ui) Becquerel (Bq). It is the SI unit of activity. 


I Rd = 10° decays/s. 


Dimensional formula of all the three units of radioactivity 
=(M° 19 7-1), 

Sample Problem A radioactive element decays to 1/32th 

of its initial activity in 25 days. Calculate its half life. 


1 Ci = 3-7 x 10"9 Ba | 


(iii) Rutherford (Rd). The activity of a radioactive sample 
is said to be one rutherford, when 10° decays take place in 


AA MTTORMA Tog MI OL Lak 
wth io 


Pradecs « FUNDAMENTAL PHYSICS (xij) Our 


«(Til) 


gi Py . 
r 5 " D O 
KNOW ? 
When we say that activity of a 
spent reactor fuel rod now is 
2-7 x 10!4 Bg, we mean that now 
2-7 x 104 radioactive nuclei in the 
rod decay every second. It has no 
bearing, whatsoever, on the types 
of radiation emitted, disintegration 


constants of the nuclei or which 
nuclei would decay. 


baie EERE Ere 


DO 
ae You 
KNOW 2 


a SEoP i 

1. The level of activity of a sample 
of a radioactive substance varies 
directly as the mass of the 
substance. This level of activity is 
measured using a device called 
Geiger Muller counter (GM 
counter). 

2 As -A=Ay e™ 


dA Z 
— = Age (-R)=-hA 
=—-A(AN) 
,. 
SHE 2 —(0-693) N 
T2 


.. Instantaneous rate of change of 
activity varies inversely as the 
square of half life period of the 
substance. 


_ 
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b).22. ALPHA, BETA AND GAMMA DECAY 


The radioactive nuclei are unstable and emit radiations to achieve states of greate 
f any of the a, B, y radiations changes the original nucleus, called the parent nucleus \nto 


eae 


r stability. The 
a new 


-ocion O 
emissiO -~ ‘at ate f 
nucleus, called the daughter nucleus.* The daughter nucleus may be radioactive and disintegrate further to 
q still newer nucleus. The process continues till a stable nucleus of lead (Z = 82) is formed. 


form 
Rutherford and Soddy suggested the following rules governing the radioactive decay. 


1. The algebraic sum of charges (atomic numbers) before and after disintegration must be the same. 
9, The sum of mass numbers before and after disintegration must also be the same. 
Let us now see the three kinds of decay. 


g(b).23. ALPHA DECAY 


———+ 
na | 


It is the phenomenon of emission of an o particle from a radioactive nucleus. 


PIS FA. 
When a nucleus emits an alpha particle, its mass §——-——-—-==ssay\4 

number decreases by 4 and charge number decreases by FIGURE 8(b).8 igh 

2, For example, when 95 U?38 undergoes alpha decay, a | Parent Sele Ke end 

new element with mass number (238 — 4) = 234 and charge jpeg 

| 


number (92 — 2) = 90 is formed. This corresponds to & => +() a ypeme 
Thorium. Thus a new element is formed as a result of 


alpha decay. The transformation is represented by the poere rey ee al 
equation. 


1s Fe devin ool. a >He4 


Note that the alpha decay of eV occurs spontaneously (without any external provocation). The total 
mass of the decay products 9)7h?*4 and He’ is less than the mass of original oU?38. Thus the total mass energy 
of the decay products is less than the mass energy of the original nuclide. The difference between the initial mass 
energy and total mass energy of decay products is called disintegration energy (Q) of the process. 

In general, alpha decay is represented as 

7x4 —> 72¥*4 + Het +O ...(20) 
where Q is the energy released in the decay. This can be calculated using Einstein mass energy 
equivalence relation, E = (Am).c?, 

F 2 

ie, Q = (my — my ~ my) C (21) 

The energy released (Q) is shared by daughter nucleus Y and alpha particle. 

We can show that kinetic energy of alpha particle is 


As the daughter nucleus is very heavy as compared to the @ particle, therefore, most of the disintegrati 
‘nergy (Q) appears as K.E. of o particle. vets 
Explanation of alpha decay 
eee basic question to be understood is how an particle, which is bound inside the nucle 
unt of nuclear forces, comes out. The potential energy of such an & particle has two paihens . 
baat hie component is due to attractive nuclear force-which dominates inside the . 
energy negative. 


(ii) Oth i 
change of er component is due to coulomb repulsive force between the & particle and remaining T 
of the nucleus. ® Positive 


US On 
Ns : 


nucleus Making net 


*Often the daughter nucleus is more stable than the parent nucleus. ~ 


——— 


LT eee——————eeeVN—_—_—_—aaa 
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The nuclear component of potential energy of o particle sharply 
drops as its separation from nucleus increases beyond the radius of 
the nucleus, The coulomb component of potential energy dominates 
at this stage. With increasing distance from the nucleus, this 
component also decreases to negligible values, Fig. 8(b).9. 

From various alpha emitters, kinetic energy of @ particles 
emitted is of the order of 4-9 MeV. Studies reveal that nucleus of 
alpha emitters behaves as a potential barrier of height of the order 
of 25 MeV. Classically, it is impossible to account for the emission 
of an alpha particle of insufficient energy (~ 4-9 MeV), crossing 
such a high potential barrier (~ 25 MeV). 


In the year 1928, Gamow, Gurney and Condon explained the alpha emission in terms of penetration 


tt hh 
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~ FIGURE 8(b).9 


of the nuclear potential barrier on the basis of quantum theory. According to their theory : 
(i) An alpha particle may exist as an entity within a heavy nucleus. 


(ii) The &-particle is in constant motion inside the nucleus with 
a speed of the order of 107 m/s. 

(tii) Quantum mechanically, there is a small but finite probability 
that the particle may pass through the barrier even if its energy is 
insufficient to cross the barrier height. 

As size of nucleus ~ 10~5 m and speed of particle ~ 10’ m/s, 
the particle takes about 10-2? second to move across the nucleus. Thus 
an alpha particle presents itself-107? times in a second against the 
potential barrier. As this frequency (Vv) is very large, probability P of 
its escaping the potential barrier is P = p x v where p is probability of 
escape per collision. As P becomes sufficiently large, the alpha particle 
may penetrate through the nuclear potential barrier resulting in alpha 
emission. This is called tunneling of the nucleus. 

We can now visualise why every 9,U”* nuclide in a sample of 
92U738 atoms does not decay at once. And the half lives for alpha 
decay of most of the alpha unstable nuclei are very long. 


8(b).24. BETA DECAY 


| 


TBA LaINT he CaS De eee t ceva as x 
Alpha decay is inhibited by a 
potential energy barrier that cannot 
be penetrated according to 
classical Physics. However, 
according to quantum mechanics, 
this potential energy barrier is 
subject to tunneling. The barrier 
penetratability and thus the half 
life for alpha decay are dependent 
strongly on the energy of emitted 
alpha particles. 


/eta decay ts the phenomenon of emission of an electron from a radioactive nucleus. | 


When a parent nucleus emits a {-particle (i.e. an electron), mass number remains same because mass 


of electron is negligibly low. However, the loss of unit negative charge is equivalent to a gain of unit 
positive charge. Therefore, atomic number is increased by one. For example, when gg tn emits a B- 
particle, the daughter nucleus has mass number = (234 ~— 0) = 234 and charge number = (90 + 1) = 91. This 
is called 9Pa*? . The reaction can be represented as Shawna | 
go Zh?*4 —» » Pa4 +_ 16° (B-particle) 

In general, we can write 


y._ FIGURE 8(b).10 


7X4 — 7,,¥4+_e9+ 0 


where Q is the energy released in B-decay. 


The graph between energy of B-particles and their num- 
ber is shown in Fig. 8(b).10. From the graph, we find that 


(i) Most of the B particles emitted carry small energies. 


End Point 


B Particles ==> 


Number of 


(ii) Only very few B-particles carry maximum energy, 
called end point energy. 


0.2 0.4 0.6 
B Particle Energy (Qg MeV) ee | 


ee a 
POON sow ell 
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articles can carry 


iii) The energy spectrum of emitted B-particles is continuous indicating that the B p 


all possible energies from 0 to Op (max). _ 
Further studies reveal that energy of nucleus emitting [}-particles wee -) OD 


creases by an amount equal to the end point energy- but most of the B | uw 


articles emitted have energies smaller than the end point energy. | 
FrperefOre, the principle of conservation of energy is violated in [}-decay. | <p 
Again, the principle of conservation of angular momentum is also KN OV it 


: - B-decay. This is becaus artic . eee 
violated in B-decay e B particle or electron has a spin the resulting 


In beta decay, 
daughter nucleus has the same 


“2 wi number of nucleons as the parent 
nucleus, but it has one less neutron 


1 4 : Staal 
—(h/2% ), But in actual practice, there is either no change or an integral and one more proton. 


seca Therefore, in B decay, spin of nucleus must change by 


pe in the spin of nucleus emitting B-particle. 


Neutrino hypothesis 
The violations of the principles of conservation of energy and angular mom 


Wolfpang Pauli in the year 1931. He postulated that B-decay is always accompanied by another p 
B-decay of a nucleus may 


entum were resolved by 
article of 


zero rest mass and zero charge. This particle was called antineutrino (v ). Thus 
be represented as : 7X4 —> 741 YA+ c+ Vv +0 ——— 

The neutrino hypothesis implies that a low energy B-particle is bie dD oO 
accompanied by a high energy antineutrino and vice-versa. So the total | er aes j 
energy Q of B particle and antineutrino is constant and always equal to end | 


point energy. Thus the law of conservation of energy holds good in B-decay. |, 


h 


Further, antineutrino has a spin = at +} If both, the B particle © ae ; wee. 
2\ 20 Neutrinos are the most abundant 


and antineutrino spin in opposite direction, as shown in Fig. 8(b).11(a), particles of Physics. Billions of 


aeiaioey FIGURE 8(b).14 4 them pass through our bodies every 
second leaving no_ trace 


B~ Bo : i 
whatsoever. Inspite of their elusive 
character, neutrinos have been 
detected in the laboratory in 1953 
-siesats by F. Reines and Cowan. The 
former was awarded Nobel Prize 
S oO Vv in Physics in 1995 for this work. 


Nucleus 
| 9 


ae 


the spin or angular momentum of daughter nucleus will be equal to spin/angular momentum of parent 
oe However, when both, the B-particle and anti- neutrino spin in the same direction, as shown in Fig. 
().11(b), there will be integral change in spin or angular momentum of the daughter nucleus ; as observed 


©xperimentally. 
Thus, with this hypotehesis, the law of conservation of angular momentum is also not violated in B-decay 
1. A positron is similar to an electron in all respects, except that it has a charge + e 


instead of — é. 
The symbol B- is used for an electron and * is used for a positron. Positron is said to be 


antiparticle of electron. 


2. An excited nuclide (which is proton rich) often returns to a stable nuclide by capturing an : 


orbital (K shell) electron, ie. 2X“ + SAP 
- This process is called electron capture or K-capture. The vacancy caused in K shell is fil] 
: transition of electrons from outer orbits-resulting in the emission of characteristic XN “on ed by 
4 -rays. 


2 S, 
a 
nie 
——————SSEE 
——EE 
Ne eeOeeEeEees 
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Note that electron capture process is identified by the shell or energy level from which the 
‘ tl ie 
captured electron comes. If captured electron is from K-shell, it is known as K-shell ca 


ny Pture, [f 
captured electron comes from L-shell, it is called L-shell capture and so on. 

3. For beta-minus decay, a neutron transforms into a proton within the nucleus according 
to: noaptrter+y < 


Here, V represents antineutrino. 


And for beta-plus decay, a proton transforms into a neutron within the nucleus according to 
prontett+y 

As mass of a neutron is greater than the combined mass of a proton and electron, therefore. 

Q value of beta minus decay is positive. The 8 minus decay process is energetically allowed 

and the decay may take place in nature spontaneously. 

On the other hand, Q value of beta plus decay is negative. Therefore. the process of 6 plus 

decay is not energetically allowed. It does not take place in nature. 

Infact, a free proton is stable. Its life time is greater than the life of our universe. A free proton 

cannot change into a neutron but a free neutron can change into a proton. 

However, inside the nucleus, a proton can change into a neutron and a neutron can change 

into a proton. This is because inside the nucleus, both protons and neutrons are bound. The 

bound nucleons behave differently than free nucleons. When we take into account the energies 


of parent and daughter nuclei involved in beta plus decay (or positron decay), the decay is always 
energetically allowed. For example, Na? > ioe? tet+y 


Infact, lighter radioactive isotopes with Z < 70 decay mostly by beta plus decay. 


Currositry QUESTION 


SE OR ROE OES 


aes 


[ej] What does PET stand for ? Where is it used ? 
Ans. PET stands for Positron Emission Tomography. PET scans are used in examining the brain. 


A patient is given a dose of FDG (fluoro-deoxy-glucose) which has a fluorine-18 atom attached to 
a molecule of glucose. The fluorine atom decays with emission of positron and neutrino with a half 
life of 110 minutes. oF '® —5 2018 + | 69 + v, 

The positron encounters an electron and the two annhilate to 
i.é., e+e —>2y 

The two photons so produced move in opposite directions and are detected by specialized detectors, 
which determine their point of origin in the patient’s body. Thus the area in the patients body, where 
glucose metabolism is most intense is detected. 


Thus PET is a diagnostic technique for the brain, which is based on radioactive decay. 


Produce two powerful y-ray photons, 


A i unas eee 


Sample Problem After a series of alpha and beta decays, ohne? becomes hh. How 

many alpha and beta particles are emitted in the complete decay process ? 

Sol. Here, parent nucleus is 9,Pu?7? and daughter nucleus is gaPb707 

Decrease in mass number = 239 — 207 = 32 

Decrease in charge number = 94 — 82 = 12. 

Let number of & particles emitted be x and number of particles emitted be y. 

Now, one alpha decay causes decrease in mass number by 4 and decrease in charge number by 2. 
Again one beta decay causes increase in charge number by | and no change in mass number. 


Therefore, x x 4 = 372, x= 2-8 and ~yxl+xx2=12 


y=2x-12=2x8-12=4 


aed 
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g(b).25. GAMMA DECAY 
nd + 


ae the phenomenon of emission of gamma ray photon from a radioactive nucleus. 

This occurs when an excited nucleus makes a transition to a state of lower energy. As nuclear states 
have energics of the order of MeV, therefore, the photons emitted by nuclei have very large energies 
(= MeV) and hence much smaller wavelength (< 0-01 A®). Such short wavelength electromagnetic waves 
emitted by excited nuclei are called y-rays, 

Since photons do not have any charge or rest mass, therefore in ‘y-decay, daughter nucleus has the 
game charge number and same mass number as those of parent nucleus. The y-decay can be represented = 

A 
ZX) > HY 

After an o decay or a 8 decay, the daughter nucleus is > Figure 8(b).12 
usually in an excited state and it achieves stability by the Co”? 2 
emission of one or more gamma ray photons. 

For example, (i) the B-decay of gion” transforms it 
into an excited agNi>» nucleus. This reaches the ground state 
by emission of y-rays of energy 1-17 MeV and 1-33 MeV. 
This is shown in Fig. 8(b).12 by an energy level diagram. 

The nuclear reactions may be represented as 


p70 —> gNiO™ + 19+ V 
agNino”*” —> pgNi®O" + Ey (= 1-17 MeV) 
ag NiO" —> ngi® +E, (= 1:33 MeV) 

By studying the energies of gamma rays emitted, we FIGURE 8(b).13 
can obtain energy levels of the nucleus. 

(ii) gF2° decays by emitting Br particle to give a 
daughter nucleus SNE This daughter nucleus is in 
excited state. It comes to ground state by emitting a y-ray 
photon of energy 1-63 MeV. This is shown in Fig. 8(b).13 
by energy level diagram. 


Explanation of gamma decay 

It is known that in an atom, electrons revolve around the nucleus in circular orbits, and possess 
definite energies. These are called atomic energy levels. Transitions between these energy levels account 
U.V. radiations and IR. radiations etc. Studies reveal that similar energy 
These are called nuclear energy levels. Transition of a nucleus from a 
Its in the emission of energy, which lie in the gamma ray 


for emission of visible radiations, 
states exist inside the atomic nuclei. 
higher energy state to a lower energy state resu 
region. This accounts for gamma decay. 


8(b).26. NUCLEAR REACTION 


| A nuclear reaction represents the transformation of one stable nucleus into another nucleus 
by bombarding the former with suitable high energy particles. 


Symbolically, we can represent a nuclear reaction as 

4 Here, x is the target nucleus, bombarded by an o particle (called the projectile). C is the compound 

ucleus which is unstable. It disintegrates to give a product nucleus Y and a product particle (proton). 

die ah reaction is named (c, p) reaction after the name of the projectile (a)and product particle (p). In 
clear reaction, Q is the total energy change in the reaction. It is called nuclear reaction 

Q value of the reaction. energy or 
In all types of nuclear reactions, the following conservation laws are obeyed : 1, conservation of linear 

2. conservation of total energy, 3. conservation of charge, 4. conservation of number of nucleons 


es 
j 


Rutherford was the first to perform an experiment in 1919 on artificial transmutation of elements, He 
discovered the nuclear reaction : 
wN'4 + ,Het —> oF 18*—> ,0!7 + jH! 
It is (@, p) reaction 
Some other examples of nuclear reactions are : 


(i) Li? + jH! —> 4Be** — He! + ,He* (p, ) reaction 
(ii) <B!! + ,H'—> “cn — cll + gn! (p, n) reaction 
(iii) C12 + jH!— WN —5 NB + y (p, ¥) reaction 
(iv) =NI4 + yn! — Nb" — ,cl4 + A! (n, p) reaction 
(vy) A? +y—> 1H! + on! (photo disintegration) 


Note that Q value of nuclear reaction is calculated from Einstein’s mass energy equivalence relation, 
E =(A m) c’. It may be positive or negative. 

Q-value of reaction = K.E. of products — K.E. of reactants 

or Q-value of reaction = (mass of products — mass of reactants) c? 

A nuclear reaction in which Q value is positive, energy is released. Such a reaction is called exoergic 
or exothermic. A nuclear reaction in which Q value is negative, energy has to be supplied before the 
reaction occurs. Such a reaction is called endoergic or endothermic. 

It may be noted that exothermic nuclear reaction takes place spontaneously. Thus, radioactive decay 
process is always exothermic. 


8(b).27. NUCLEAR ENERGY : ENERGY FROM THE NUCLEUS 


To have an insight into the process of energy generation from the nucleus, let us examine carefully, 
the curve of binding energy per nucleon, shown in Fig. 8(b).10. From A = 30 to A = 170, this curve has a 
long flat region, indicating that B.E./nucleon in this region is almost constant. For A < 30 and A > 170, the 
average B.E./nucleon is comparatively low. It means that in the mid mass region 30 < A < 170, the nuclei 
are more tightly bound in comparison to the nuclei with A < 30, and A > 170. Therefore, transmutation of 
less stable nuclei into more tightly bound nuclei would provide an excellent possibility of releasing nuclear 
energy. 

The nuclear reactions involving nuclei with A > 170 constitute nuclear fission. And the nuclear reactions 
involving nuclei with A < 30 constitute nuclear fusion. Thus two distinct ways of obtaining energy from 
nucleus are (i) nuclear fission and (ii) nuclear fusion. These processes are discussed below in some detail. 


i =s 9‘) 9) Nuclear energy is the energy emitted by a nucleus as 
it becomes more stable. 


KNOW @ 
Nuclear fission ts the phenomenon of splitting of a heavy When we get energy from uranium 
nucleus (usually A > 230) into two or more lighter nuclei. in a nuclear reactor, we are 
basically rearranging its nucleons 
In the process, certain mass disappears i.e. sum of the masses of into more stable configurations. 

’ final products is found to be slightly less than the sum of the masses of Similarly, when we get energy from 
the reactant components. This difference in masses is called mass defect coal by burning it in a furnace, we 
(Am). Therefore, as per mass energy relation given by Einstein, energy fe rearranging outer electrons of 


8(b).28. NUCLEAR FISSION 


released in nuclear fission is carbon and oxygen into more stable 

E = (Am) c2 combinations. 
| In 1938, Hahn and Strassman discovered that when 9,U%?° is bombarded with thermal neutrons, it 
t splits up into <<Ba!4! and ,,Kr° with the emission of 3 neutrons alongwith 200 MeV of energy per fission. 


The neutrons produced after fission are called secondary neutrons. The reaction is represented as 


. up 
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3.235 1 
| g2U*> + on — s¢Ba'4! + agKr?? +3 gt! +@Q | 
Here, mass of »,U785) = 235.0439 amu 
mass of gn! = 1:0087 amu 
Total mass of reactants = 236-0526 amu 
Again, mass of <,Ba'4! == = 140.9139 amu 
mass of 36Kr° = 91.8973 amu 
mass of 3 gn! = 3-0261 amu 


Total mass of products 235-8373 amu 


Mass defect (A m) = Total mass of reactants — Total mass of products 
= 236-0526 — 235-8373 = 0.2153 amu 
As 1 amu = 931 MeV FIGURE 8(b).14 
.. Energy released per fission of 9,U235 a Ua ak a 
Q = (Am) x 931 MeV = 0-2153 x 931 MeV 
= 200-4 MeV 

Thus about 200 MeV of energy is released in the fission 
of a single SS ped nucleus. This energy appears in the form 
of y-rays, kinetic energy of fission fragments and the released 
neutrons. Further, such a huge amount of energy is released 
in a very short time ~ 10~? second. 

It is relevant to mention here that the fission fragments 
of > are not always Ba and Kr. Other nuclides have also 0.001 


h 5 : 90 140 
im obtained. But the energy evolved is almost the same in | sxumsd> Fragivient Mass No. 
le cases. 


Fig. 8(b).14 represents the distribution by mass number sof the s 
fragments that are found when many fission events of 92U*”> are & 
examined. The most probable mass numbers occuring in about 7% of § ‘s ee oe 
the events are centred around A ~ 90 and A = 140. Note that in Fig. BS r¢ } 
8(b).14, vertical scale is logarithmic. rh ere 

Note that the fragment ‘nuclei produced in fission are highly KN \VAVe- er 

1 kg of naturally occurring uranium 
contains about 2:56 x 1024 atoms 


| 
unstable. They are highly radioactive and emit beta particles in succession 
Also, the disintegration energy in fission events first appears as of U5 sinthne: 


until each reaches a stable end product. 
the kinetic energy of fragments and neutrons. Eventually, it is transferred i 
to the bitiptnding pater in the form of heat. About 5-6% of energy is se tt + seeiee ~ 
oo with neutrinos emitted during B-decay. It is lost to the system. eatetahian i of naturally 
8(b).29. NUCLEAR CHAIN REACTION soatly «at een ase 

A nuclear chain reaction is said to occur when neutrons emitted = 5-12 x 1076 x 1.6 x 10-13 J 
from the decay of one nucleus are free to initiate fission in the = 10/4) 
Surrounding nuclei. ’ This is a very huge amount of 

The fission of eo by thermal neutrons 1s represented as energy. It can be produced by 

1 burning 3 tons of coal. 
920735 + on! —> oBa'"! + y¢Kr” +3 9n'+Q | 

Now, the three secondary neutrons produced in the reaction may bring about the fission of three more 
920° nuclei and produce 9 neutrons, which in turn, can bring about the fission of nine U5 nuclei and 
$0 On. Thus a continuous reaction called nuclear chain reaction would start and a huge amount of ener 


Will be teleased in a short time (i.e. a few micro seconds). This chain reaction is shown in Fig. 8(b).15, 
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Here, FP represents the fission product. If we can 
have a control over this reaction, the energy 


released can be utilised for peaceful purposes. This 
led to the construction of Nuclear Reactor or 
Nuclear Pile. However, if the reaction cannot be 


controlled, the energy released will bring about 
disastrous effects. This led to the discovery of an 
atom bomb. 

The following points should be considered | 
for a self propagating nuclear chain reaction. | 

1. Leakage of neutrons from the system. 
Some of the secondary neutrons produced may 
escape out of the system and will not take part in 
further fission. This leakage may be reduced by 
designing the system appropriately. 


} 


} 
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2. Absorption of neutrons by impurities. The secondary neutrons / 
may be absorbed by impurities which are not fissionable. This loss may | 


be reduced by having a fissionable material free from impurities. 


3. Absorption of neutrons by Uranium-238. The natural uranium | 


KNOW ? 
heed Nerstent tinned oO 


consists of three isotopes ; viz U33, U235 and U238, having relative 
abundance of 0-006%, 0:714% and 99-28% respectively. It is found that 
U?38 is fissionable with fast neutrons (i.e. neutrons with energy more 
than 1 MeV), whereas U?35 is fissionable with slow neutrons (i.e., 
neutrons with energy of the order of 0-025 eV). 


In natural uranium, as the percentage of U?> is much less than that 
of U?38, there is more possibility of collision of neutrons with U?38, It is 
found that the neutrons get slowed on colliding with U8. As a result of it, 
further fission of U8 is not possible. That is why the chain reaction in 
natural uranium cannot occur. 
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FIGURE 8(b).15 
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For nuclear power plants, U?35 
should be 1—4% and for nuclear 
bombs, U235 must be closer to 
97%. The process of increasing the 
percentage of U255 in a sample of 
uranium is called Enrichment of 
Uranium. 


To sustain nuclear chain reaction, the percentage of y)U**> isotope in the uranium ore is increased 
from 0:7% to 3%. 90> content of increased percentage, i.e., 3% is known as Enriched Uranium. 

4. Critical size. In order to have a sustained chain reaction in a sample of U9, it is required that the 
number of neutrons lost due to leakage and absorption should be much smaller than the number of neutrons 
produced in a fission process. This is possible if the uranium block has a size greater than a certain critical 


value. It is called critical size. 


The chain reaction once started will remain steady, accelerate or | 


retard depending upon, what is called the neutron reproduction factor 
or multiplication factor. This is the ratio of rate of production of neu- 
trons to the rate of loss of neutrons due to leakage and absorption i.e. 


; rate of production of neutrons 
Reproduction factor, K = EARL IS acl 
rate of loss of neutrons 


If K = 1, the chain reaction will be steady or sustained. The size of 
the fissionable material used is said to be the criticial size and its mass, 
the critical mass. 

This is the stage required for steady power generation, when 
criticality is said to have been reached. 

If K > 1, the chain reaction accelerates resulting in an explosion. 
The stage is said to be Super critical. This is how an atom bomb works. 

If K < 1, the chain reaction gradually comes to a halt. The stage is 
said to be subcritical. 


hasbeen dian ot enti 

A thermal neutron with relatively 
small kinetic energy can penetrate 
a nucleus, whereas a proton or an 
alpha particle would need a much 
larger amount of energy °° 
penetrate the same nucleus. This } 
primarily because proton or alpha 
being positively charged have 0 
overcome the repulsive forces due 
to protons in the nucleus. 


ATOMS AND NUCLEI = 
a 

sample Problem The energy released in a nuclear fission process is 4 
total mass involved is one gram. Calculate the percentage of mass defect in the process. 
Smsbgney f= 4-5 x 10! J. m=1 pram 
Let the mass defect be Am 


5x 10!! J. Where in 


E = (Am) C? 
E — 45~x10!! 
Am === =0:5x10~ kg 
C2 (3x108)2 e 
0:5x10~ 
Am 100 =~" x 100% = 05% 
m 10- 
g(b).30. THERMAL NEUTRONS 
eS ee ee 
Thermal neutrons are the low energy neutrons or slow moving neutrons. Their energy ~ 1/40 eV. The 
velocity of thermal neutrons ~ 2-2 km/s, which corresponds to the velocities of random motion of atoms and 
al neutrons. 


molecules in a gas at room temperature. That is why these neutrons are called therm 

To obtain thermal neutrons so that chain reaction is sustained, secondary fast neutrons are made to 
pass through substances like paraffin, deuterium or heavy water, which are rich in hydrogen. On colliding 
against the hydrogen nuclei or protons of roughly equal mass, their velocities get interchanged with protons. 
The neutrons are thus slowed down, and are therefore in thermal equilibrium with the material. These are 


thermal neutrons. 
The materials used for slowing down fast neutrons are called moderators. 
8(b).31. NUCLEAR REACTOR 
It is a powerful device, wherein the nuclear energy produced is utilised for constructive purposes. 
A nuclear reactor is based upon controlled nuclear chain reaction. 
Construction. The main components of nuclear reactor are shown in Fig. 8(b).16. 


f pie tes FIGURE 8(b).16 
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(1) Nuclear Fuel. /t is a fissionable material toke used for the fission process to take place. Common] 
end j Is in a nuclear reactor are U?23, U?*°, Pu*”” etc. Generally, uranium oxide pellets are inserted ¢ 
the ¢ to long hollow metal tubes constituting the fuel rods. When slow neutrons interact with the aes 


_1N starts and the energy is released. 
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(2) Moderator, /ts function is to slow down the fast moving secondary neutrons produced during the 
fission. The material of moderator should be light and it should not absorb neutrons, Usually, heavy Water, 
graphite, deuterium and paraffin ete, can act as moderators, These moderators are rich in protons. 


When fast moving neutrons collide head on with the protons of moderator substances, their energies 
are interchanged and thus the neutrons are slowed down. Such neutrons are called thermal neutrons which 
cause fission of U2) in the fuel. 


(3) Control rods. They have the ability to capture the slow neutrons. To control the chain reaction 
from becoming violent, rods of boron or cadmium (called control rods) are inserted in the holes of reactor 
core, up to a desirable length. As a result of it, the desired number of neutrons are absorbed and only limited 
number of neutrons are left to produce fission, These rods can be adjusted from outside the reactor, in order 
to control the chain reaction. 


In addition to control rods, reactors are provided with safety rods, which when required, can be 
inserted into the reactor. They reduce the neutron reproduction factor (K) to less than unity. 


(4) Coolant. A substance which is used to remove the heat produced and transfer it from the core of 
the nuclear reactor to the surroundings is called coolant. At ordinary temperatures, water and heavy water 
serve as coolants but at high temperatures, generally liquid sodium is used as a coolant. 


The coolant takes up the heat energy produced in nuclear fission and passes on this energy to water 


in a heat exchanger. As a result of it, superheated steam is produced which drives a turbine coupled with an 
electric generator, (Fig. 8(b).16.] 


(5) Shielding. The whole reactor is protected with concrete walls, 2 to 2.5 metre thick, so that radiations 
emitted during nuclear reactions may not produce harmful effects on the persons working on the reactor. 


Working. Fig. 8(b).17 outlines the working of nuclear reactor. Slow neutrons cause the fission of 
nuclei. FP stands for fission product. To start the nuclear reaction, the cadmium rods are slowly 
removed and to stop it, they are inserted. This brings out a controlled nuclear chain reaction and hence the 
energy produced can be used for constructive purposes. 
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The puclear 1 reactors +: used for Research purposes in India are ‘Apeare, Zerlina, CIR (Canada India 
Reactor), Dhruva and Purnima. 


Uses. (i) Nuclear reactors are used to produce radioactive isotopes which in turn are used in medicine, 
industry and agriculture. 


(ii) They are used in electric power generation. 
; _ Four nuclear power plants in India are : 
(a) Tarapur Atomic Power Station in Maharashtra 


a 


a CO EEE~S'Ss= SS OT LE EE 


aroms AND NUCLEI 8/71 


(b) Rajasthan Atomic Power Station near Kota 

(c) Narora Atomic Power Station in U.P. 

(d) Kalpakkam Atomic Power Station in Tamil Nadu, 

(iii) They can be used for the propulsion of ships, submarines and air crafts. 

(iv) They are used to produce neutron beam of high intensity which is used in the treatment of c 
and nuclear research, 

Fast Breeder Reactors. They use thorium or natural uranium as fuel elements. When Patera 
strike uranium fuel in a reactor, gn 238 (which is present along with ystler n natural uranium) abso rbs = 
neutron and becomes 92U**?. This is radioactive and undergoes B-decay twice to produce g4Pur?*, as 


ancer 


represented here : 9nU°% + on! —> 9,029 Py ynp239 P, g,pu23? —", gp" 235 
Now OF reed is fissionable and undergoes alpha decay (with T = 24000 years) to produce 92U : 
39 which can be fissioned 


Thus using an unfissionable material 9, U?38, we produce fissionable material 94Pu 
even by fast neutrons. Therefore, no moderator is used in such reactors. 


1. Note that in an atom bomb, nuclear chain reaction is uncontrolled, whereas in a nuclear 
reactor, nuclear chain reaction is controlled. : 

2. An unavoidable feature of reactor operation is the accumulation of radioactive waste, 
including both, fission products and heavy transuranic elements such as plutonium and 
americium. Thus the waste of a nuclear power station is extremely hazardous to all forms 
of life on earth. Elaborate safety measures are needed not only for reactor operation, but 
also for handling and disposal of radioactive waste. 


8(b).32. NUCLEAR FUSION 


\ | Nuclear fusion is the phenomenon of fusing two or more lighter nuclei to form a heavier more 
_ | stable nucleus. 


The mass of the product nucleus is slightly less than the sum of the masses of the lighter nuclei fusing 
together. This difference in masses (A m) results in the release of tremendous amount of energy, in accordance 
with Einstein’s mass energy relation E = (A m) Cr 


Some of the examples of nuclear fusion are : 


Hi +H! > H+ 4100 + V + 0-42 MeV ...(i) 
HP + \H? — >He? + on’ + 3:27 MeV (ii) 
|H? + |H? > ,HP + ,H! + 4.03 MeV ..-(iii) 
wet 4H! > Het +2 00 + 2. + 26-7 MeV ...(iv) 


In reaction (i), two protons combine to form a deutron and a positron with release of 0-42 MeV energy. 
Weaction (ii), two deutrons combine to form a light isotope of helium and a neutron with release of 3-27 
i eV energy. In reaction (iii), two deutrons combine to form a triton and a proton with release of 4-03 MeV 
ae In reaction (iv), four hydrogen nuclei combine to form a helium nucleus, two positrons and two 
linos with release of 26-7 MeV energy. f 

tics In all these reactions, we observe that two positively charged particles combine to form a heavier 
“us. Coulomb repulsion between these charges prohibits them to come close enough to be within the 
8¢ of their attractive nuclear forces and fuse. The height of the Coulomb barrier depends on the char es 

the radii of the two interacting nuclei. , 

€ essential condition for carrying out nuclear fusion gs Uo Tis: tite temperature of the i 
bares ticles have enough energy due to their thermal motions alone and they can penetrate he eats nb 

“This process is called Thermonuclear fusion. “ 
Ponts for thermonuclear fusion to occur, extreme conditions of temperature and 


yee P pressure ar : 
> higher density is also desirable so that collisions between light nuclei occur q © required. 


‘i 
tii ite frequently. These 
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conditions are met only in the interior of stars, and cannot be arranged in a laboratory. The energy generation 
in sun and stars takes place via thermonuclear fusion. 


8(b).33. DISTINCTION BETWEEN NUCLEAR FISSION AND NUCLEAR FUSION 
As detailed above, we find that 
(i) Both, nuclear fission and nucler fusion are the sources of tremendous energy. 
(ii) In both the processes, a certain mass (A m) disappears, which appears in the form of energy as per 
Einstein equation : E = (A m) c2 


(iii) In fission, a heavy nucleus splits into two or more lighter nuclei. In fusion, two or more lighter nuclei 
fuse together to form a heavier nucleus. 


(iv) For carrying out fission, a suitable bullet or projectile like neutron is needed. For carrying out fusion, 
the lighter nuclei have to be brought very close to eachother against electrostatic repulsion. For this, 
suitable energy is to be made available, often by raising the temperature to the order of 10’ K. This 
justifies nuclear fusion being called thermonuclear fusion. In actual practice, such high temperatures 
are generated by nuclear fission. That is why usually, nuclear fission precedes nuclear fusion. 


(v) In a nuclear fusion reaction, energy liberated per unit mass of their nuclei is many times larger than 
the energy liberated per unit mass in nuclear fission reaction. Therefore, for a given weight, hydrogen 
bomb (based on nuclear fusion) is far more dangerous than an atom bomb (based on nuclear fission). 


(vi) The products of nuclear fission reaction are radioactive. They produce environmental pollution and 
hence require very careful disposal. However, the products of nuclear fusion are not radioactive. They 
are harmless and can be disposed off easily. 


(vii) While producing nuclear energy from fission, we have learnt how to control nuclear chain reaction. 
But we have yet to learn controlling the thermo nuclear fusion reactions. This would be the basis of 


fusion reactor, which is seen as the future source of unlimited energy without pollution. 


Sample Probiem The mass defect in a nuclear fusion reaction is 0-3%. What amount of 
energy will be liberated in one kg fusion reaction. 


0: 
Sol. Mass defect, A m = 0:3% of 1 kg = ao xkg = 3x1073 kg 


Energy liberated = (A m) c* = 3 x 10-3 (3 x 108)? = 2-7 x 10!4 joule 
8(b).34 CONTROLLED THERMONUCLEAR FUSION 
Controlled thermonuclear fusionis the basis of fusion reactor, which is the future source of unlimited 
and unpolluted energy. 
The most attractive reactions for terrestrial use are : Ht + \H? — He? + ot! + 3-27 MeV 
H+ \H? > |H? + ,H! + 4-03 MeV 
jH? + ,H® — >He* + gn! + 17-59 MeV 
Deuterium, the source of deutrons for these reactions is available in unlimited quantity in sea water. 
Other requirements for a fusion reactor are : 
(i) High particle density. The deutron-deutron collision rate can be high only when the density (number) 


of interacting particles is very large. At high temps required, deuterium will be completely ionised, forming 
neutral plasma. 


(ii) A high plasma temperature of the order of 10° K is required so that interacting particles can 
penetrate the Coulomb barrier and fuse together. 

(iii) A long confinement time. The hot plasma must be maintained at a sufficiently high density and 
temperature for a sufficiently long time so that fusion of enough fuel occurs. No solid container can withstand 
these conditions. Therefore, clever confining techniques, such as magnetic confinement and inertial 
confinement are being explored. 


Efforts are being made all the world over to achieve controlled thermonuclear fusion in the laboratory: 
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g(b).35 NUCLEAR HOLOCAUST 
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| caused by the use of nuclear weapons. 


= ce 
Nuclear holocaust ts the name given to large scale destruction and devastation that would be | 


ae - 


The devastating damage caused by nuclear weapons can be classified as : 

(i) Immediate Effects (ii) Long term Effects 

Immediate Effects include thermal flash causing spontaneous ignition and setting fires ; shock waves 
which are high pressure waves moving out at speeds greater than 3000 km h-! ; Electromagnetic pulse 
capable of destroying power distribution systems, telecommunications and computer networks and Initial 
Nuclear Radiation which may cause instant death of people and animals. 

Long Term Effects include Radioactive Fall out especially from small fission bombs and nuclear 
winter that may follow large scale detonations. Sunlight might be blocked from the earth’s surface resulting 
in lower temperatures and destruction of plant life. The protective ozone layer could also be damaged. 


8(b).36 INDIA'S ATOMIC ENERGY PROGRAMME. 
The Atomic Energy Programme of our country was launched around 1950 under the leadership of 


Homi J. Bhabha. The major milestones achieved so far are : 
(i) First nuclear reactor named Apsara went critical on August 4, 1956. It used enriched uranium as fuel 


and water as moderator. 
(ii) Another reactor named Canada India Reactor (CIRUS) became operative in 1960. It used natural 


uranium as fuel and heavy water as moderator. 
(iii) Indigenous design and construction of plutonium plant at Trombay. It ushered in the technology of 


fuel reprocessing. dain me 
(iv) Research reactors like Zerlina, Purnima, Dhruva and Kamini were commissioned. The last one uses 

U-233 as fuel. | 
(v) The fast breeder reactors which use Plutoniu 

to produce fissile Uranium—233 from Thoru 


Considerable work has been done by our scien 7 at 
MWe have mastered: the complex technologies of mineral exploration, mining, fuel fabrication, heavy 


m-—239 as fuel do not need moderators. They can be used 
m-—232 and to build power reactors based on them. 
tists in this direction. 
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—“adorate safety measures, 
ical protection are most impo 


Water production, fuel reprocessing etc. | | 
both in the design and operation of reactors and stringest standards of 


rtant hall marks of Indian Atomic Energy Programme. 
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